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LEARNING OBJECTIVES 


1-1 Describe the composition of human blood. 
1-2 Identify the blood cells found on a normal peripheral 


smear. 


1-3 Describe the two main differences between neutro- 
philic band and neutrophilic segmented cells, 


At the end of this chapter, the learner should be able to: 1-5 List four characteristics of lymphocytes. 
1-6 Describe four morphological features that are helpful 
in identifying monocytes. 


1-4 Distinguish between eosinophils and basophils. 


1-7 Compare and contrast a large lymphocyte with a 
monocyte. 

1-8 List the proper cell maturation sequence of the eryth- 
roid series. 


Continued 
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LEARNING OBJECTIVES—cont'd 


1-9 List the proper cell maturation sequence for myelo- 
poiesis (granulocytopoiesis). 
1-10 Differentiate the morphological features of promyelo- 
cyte, neutrophilic myelocyte, neutrophilic metamy- 
elocyte, and neutrophilic band. 


U Rese primary step in assessing hematologic function and 
identifying the presence of disease is an examination of 
the cellular elements in the blood. More than 500 billion blood 
cells are produced every day in a process called hematopoi- 
esis.’ This chapter explains hematopoiesis and describes the 
stages of maturation of each blood cell, with an emphasis on 
the morphological characteristics and lineage-specific differ- 
entiation of each stage. 


Basic Morphology and Basic Concepts 


Hematology is the study of blood and its related disorders, Its 
birth can be traced to 1642, when Anton van Leeuwenhoek 
first noted cells in the blood. The significant milestones in the 
history of hematology are outlined in Box 1-1. 

The average blood volume in an adult is 4 to 6 L: women 
have 4 to 5 L, and men 5 to 6 L2 This blood volume rep- 
resents about 8% of the total body weight. Blood has a pH 
between 7.35 and 7.45. Blood is composed of 55% plasma 
(the fluid portion) and 45% formed elements or cells. Of the 
45% cellular elements, approximately 44% of the cells are 
red blood cells (RBCs), whereas only 1% are white blood 
cells (WBCs) and platelets (PLTs) (Fig. 1-1). Plasma is 
composed of about 91.5% water, 7% proteins, and 1.5% 
other solutes. The solutes consist of three different kinds of 
proteins: albumins (55%), globulins (38%), and fibrinogen 
(7%); other solutes are electrolytes, hormones, nonprotein 
nitrogen compounds, nutrients, and respiratory gases.? The 
reference values for the cellular elements are as follows: 
RBCs (4.2 to 5.4 X 10'/L for females and 4.7 to 6.1 X 
10'2/L for males), WBCs (4.8 to 10.8 X 10°/L), and PLTs 
(150 to 400 X 10°/L) in adults. These reference values 
vary with age, gender, geographic location, and health or 
disease. 


1-1 History of Hematology 


Date Key Milestones 

1642 van Leeuwenhoek first notes cells in blood. 

1842 Donne discovers platelets. 

1846 Gulliver differentiates lymphocytes from granulo- 
cytes by size. 

1874 Malassez counts white blood cells (WBCs) via 
hemocytometry. 

1875 Hayem defines methods for counting platelets. 

1879 Ehrlich uses aniline dyes to stain WBCs. 


Evaluate the morphology of a myeloblast. 
Describe three features of a mature plasmacyte, 
Describe hematopoiesis in the fetus. 

Define the role of cytokines. 


1-11 
1-12 
1-13 
1-14 


Water (91.5%) 
Plasma Proteins (7%) 

Other Solutes (1.5%) 
“Buffy Coat” Lymphocytes Basophils 
White Blood Cells Granulocytes Neutrophils 
Platelets Monocytes Eosinophils 


Red Blood Cells 


FIGURE 1-1 Centrifuged whole blood depicting plasma, buffy coat, and 
RBC layers. 


Morphology of Cells on the Normal Blood 
Smear 


Examination of the blood frequently elicits important infor- 
mation that aids in the diagnosis of hematologic disease and 
may suggest further testing. A well-made and well-stained 
blood smear is vital, because the analysis of cell morphology 
may be greatly hindered by poorly made and poorly stained 
smears. (See Chaps. 4 and 31 for smear preparation.) 

Careful examination of cell morphology on a blood smear 
and determination of the percentage of each type of blood cell 
present is an important skill to master. Blood cells normally 
present on a blood smear are RBCs (erythrocytes), white blood 
cells (leukocytes), and platelets (thrombocytes) (Fig. 1-2). 
Morphological descriptions of each of these cellular elements 
in normal blood are presented in this chapter. 


Erythrocytes (Red Blood Cells) 

Erythrocyte morphology is evaluated in an area of the stained 
smear where red cells are evenly distributed and do not over- 
lap (Fig. 1-3). Red cells consist of a plasma membrane sur 

rounding a solution of proteins (mainly hemoglobin) and 
electrolytes. A normal mature erythrocyte is a biconcave dist 
that is 7 to 8 jm in mean diameter and 1.5 to 2.5 jum thick 
The RBC has a mean volume of 90 femtoliters (fL). After (he 
smear is stained with Wright’s stain, an erythrocyte appe! 
as a circular cell with distinct and smooth margins and a du! 
pinkish hue. In the central portion of the erythrocyte where the 
cell is thinnest, the intensity of the stain is less than at the ™" 
ginal area, creating an area of central pallor. Red cells sho" 
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FIGURE 1-2 Cell types found in smears of peripheral blood from normal 
‘individuals. A. Red blood cells (RBCs), B. Large lymphocyte. C. Segmented 
neutrophil. D. Eosinophil. E. Segmented neutrophil. F. Monocyte. G, Plate- 
lets. H. Small lymphocyte. I. Neutrophilic band, J. Basophil. 

ar 


a 
be fairly uniform in size and relatively round in shape, with a 
‘small area of central pallor and no nucleus or inclusions. 


Platelets (Thrombocytes) 
In the same area where erythrocyte morphology is being stud- 
ied, the number of platelets per oil immersion field and the 
morphology should be evaluated. Platelets are approximately 
1 to 4 pm in diameter and vary in shape. An average of 
7 to 15 platelets per oil immersion field is normally observed.’ 
An estimate of the number of platelets in 10 oil immersion 
fields should be made.’ Platelets may be observed in small 
groups (see Fig. |-2G). A count of individual platelets in a 
group should be made.’ 
In Wright’s stain, a platelet contains reddish-purple gran- 
ules in a small amount of bluish cytoplasm, but there is no 
nucleus. Platelets contain particular molecules needed for 
is and are able to adhere, aggregate, and supply a 
Surface for coagulation reactions.’ 


Leukocytes (White Blood Cells) 

The morphology and the distribution of leukocytes are rou- 
tinely evaluated. WBCs normally observed on a blood smear 
include neutrophils, eosinophils, basophils, lymphocytes, 
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FIGURE 1-3 Normal peripheral blood smear; normal erythrocytes and 
platelets. 


and monocytes (see Fig. 1-2). Immature cells of any type 
are abnormal. Cells should be examined for abnormalities in 
nucleus or cytoplasm. 


Segmented Neutrophils (Filamented Neutrophils, 
Polymorphonuclear Neutrophils) 
In normal peripheral blood of older children and adults, 50% 
to 70% of mature granulocytes called segmented neutro- 
phils are found, making it the most common type of WBC.* 
Table 1-1 summarizes the percentage and absolute values 
of cells found in the peripheral blood of normal adults. The 
nucleus of the segmented neutrophil is separated into two to 
five (usually three) lobes, with a narrow segment or filament 
connecting the lobes* (Fig. 1-4). Approximately 6% of the 
neutrophils have one lobe (band neutrophil), 35% have two 
lobes, 41% have three lobes, 17% have four lobes, and 2% have 
five lobes.* Segmentation of the nucleus enables these motile 
cells to pass through an opening in capillary endothelial lining 
cells and “home in” on selected prey (such as microorgan- 
isms causing infection).* Neutrophils’ nuclear chromatin is 
heavily clumped, coarse, or pyknotic and stains purplish-red 
(see Figs. 1-2C and 1-2E).’ The cytoplasm is light pink when 
stained properly, and the secondary granules (which are fine, 
numerous, and evenly distributed) stain either pink or a neu- 
tral color. Neutrophil secondary granules are lysosomes that 
contain alkaline phosphatase? 

Neutrophils (also called granulocytes) as well as mono- 
cytes play a key role in inflammation and phagocytosis. They 


TABLE 1-1 Peripheral Blood Cells: Normal Adult Values 


N. band 


N. segmented 


Eosinophil 


Basophil 
Lymphocyte 
Monocyte 
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FIGURE 1-4 Two segmented neutrophils. 


migrate from the blood vessel into the tissues, where they 
serve as the first line of defense against bacterial infections. 


Band Neutrophils (Nonsegmented Neutrophils, 
Nonfilamented Neutrophils) 

Peripheral blood of healthy individuals contains 2% to 6% 
of the band neutrophils (see Table 1-1). Band neutrophils 
have a nucleus with a horseshoe or sausage shape in which 
the opposite edges of the nucleus become almost parallel for 
an appreciable distance.’ These cells do not have a nucleus 
separated into lobes connected by a filament (Fig. 1-5). 

The nuclear chromatin is clumped, and there is usually a 
dark pyknotic mass at each pole where the lobe is destined 
to be. The secondary neutrophil granules are small, evenly 
distributed, stain various shades of pink (on Wright’s stain), 
and contain alkaline phosphatase. There may be an occasional 
dark primary granule (see Fig. 1-2/)? 

Difficulty may arise in differentiating between band and 
segmented neutrophils and in deciding whether the link con- 
necting the lobes is narrow enough to be called a filament or 
wide enough to be identified as a band. A filamented or seg- 
mented cell has a threadlike connection between two lobes, 
and there is no visible chromatin between the two sides of the 
filament. Lobes of nuclei often touch each other or overlap, 


and it may be impossible to see the connecting filaments, Ing 
band neutrophil, there are two distinct margins, with Nuclear 
chromatin material visible between the margins. If the Margin 
of a lobe can be traced as a definite and continuing line from 
one side of the nucleus across the isthmus to the other Side, 
then it may be assumed that a filament is present even though 
it is not visible. In attempting to differentiate between 4 seg- 
mented and band neutrophil, identification should not be made 
ona single morphological characteristic but on combined fey. 
tures. In case of doubt regarding a borderline cell, the question. 
able cell should be placed into the mature category.’ 


Eosinophils 

Eosinophils are usually easily recognizable because of the 
large, round, secondary, refractile granules that have an affin- 
ity for the acid eosin stain (see Figs. 1-2D and 1-6). With 
Wright’s stain, normal eosinophilic granules become orange 
to reddish-orange. The granules are spherical, uniform in size, 
and evenly distributed. Because of the size and roundness 
of the granules, eosinophils may be recognized in unstained 
moist preparations of blood on light microscopy and via phase 
microscopy. The crystalloid core of the granule is composed 
mainly of major basic protein (MBP), which binds to acid 
aniline dyes and may help to explain the staining qualities of 
the granule.? 

Normal adult peripheral blood contains 0% to 4% eosin- 
ophils. Normal blood eosinophils are about the size of or 
slightly larger than neutrophils and have a band or two-lobed 
nucleus with condensed chromatin; rarely does an eosinophil! 
have three lobes. There is a diurnal variation in the percent- 
age of circulating eosinophils, which increases at night and 
decreases in the morning. 


Basophils 

Although basophils constitute only 0% to 2% of normal blood 
cells, the large, abundant, violet-blue (or purple-black) gran- 
ules aid in the immediate recognition of this cell, These gran- 
ules are visible above the nucleus as well as lateral to it, and 
they obscure most of the nucleus. The granules vary in size 
from 0.2 to 1.0 um.’ They are coarse and unevenly distributed: 
vary in number, shape, and color; and are less numerous than 
eosinophil granules (see Figs. |~2/ and 1~7).’ These granules 
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FIGURE 1-6 Eosinophil (segmented). 
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FIGURE 1-7 Basophil. 


have an affinity for blue or basic thiazine dyes. Basophil gran- 
ules are also water soluble. In cells that are poorly fixed during 
staining, the center of the granule may disappear or the entire 
granule may be washed away, leaving a small colorless cyto- 
plasmic area. 

Basophils show a diurnal variation similar to that of eosin- 
ophils, increasing at night and decreasing in the morning* 


Lymphocytes are the second most numerous cells in the 
blood, comprising from 20% to 44% of the adult blood 
cells. Most lymphocytes are small, varying from 7 to 10 pm. 
There are also intermediate sizes and some large lympho- 
cytes (Fig. 1—-8).* Size is not a reliable basis for determining 
the age of metabolic activity of lymphocytes because their 
‘size varies with the thickness of the smear. Lymphocytes 
tend to become spherical and small in thick areas of the 
Smear; in the thinnest end of the smear, lymphocytes may 
Spread out and appear large.* Small lymphocytes are usu- 
ally round with smooth margins (see Figs. |-2H and 1-84). 
Rarely, a lymphocyte may have a spindle form with an oval 
nucleus and cytoplasmic filaments extending outward at 
each end (see Fig. 1-8F). The margin of large lymphocytes 
frequently is indented by neighboring erythrocytes, causing 
them to have a serrated (holly leaf) shape’ (see Figs. 1-8/ 
through L). 

With Wright’s stain, the color of the cytoplasm is blue, 
Varying in intensity from light to dark in different cells and 
appears clear, not cloudy. The color is evenly distributed in 
some cells and uneven in other cells. Most lymphocytes do 
not haye granules. In some large cells, there may be a few 
well-defined granules that vary in size, are unevenly dis- 
‘tributed, and can be easily counted. These granules are a 
Ppurplish-red and have been called azurophilic; however, the 
term is misleading because the granules are predominantly red 
Tather than blue’ (see Figs. |—8/, K and 1-9). 

The diameter of the nucleus of a small lymphocyte with 
‘scant cytoplasm in peripheral blood is slightly larger than, 
‘or the same size as, a normal erythrocyte in the same micro- 
Scopic field. The lymphocyte’s nucleus, in relation to its cyto- 
Plasm, is large (N:C ratio is 4:1 to 2:1), and the nuclei are 


J 


FIGURE 1-8 Lymphocytes. A. Small mature lymphocyte. B. Lymphocyte 
of intermediate size. C. Lymphocyte with indented nucleus. D. Lympho- 
cyte of intermediate size. E. Lymphocyte with pointed cytoplasmic 
projections (frayed cytoplasm); typical nucleus. F. Spindle-shaped and 
pointed cytoplasmic projections. G. Large lymphocyte with indented 
nucleus and pointed cytoplasmic projections. H. Large lymphocyte. 

|. Large lymphocyte with purplish-red (azurophillic) granules. J. Large 
lymphocyte with irregular cytoplasmic contours, K. Large lymphocyte 
with purplish-red (azurophilic) granules and with indentations caused by 
pressure of erythrocytes. L. Large lymphocyte with purplish-red (azuro- 
philic) granules. (From Diggs LW, et al. The Morphology of Human Blood 
Cells, ed 5, 1985, pp 1-18, 25-27. Abbott Laboratories, Abbott Park, IL 
with permission.) 


round or slightly indented. Chromatin structure is lumpy or 
clumped and stains dark purple with lighter bluish-purple 
areas between chromatin aggregates.* 

Nucleoli are present in some lymphocytes but are not 
visible on light microscopy because they are obscured by the 
darkly stained chromatin masses. 


Monocytes 

In the thin areas of the peripheral blood smear, a menocyte 
measures about 12 to 18 jum and is larger than the mature 
neutrophil. Monocytes have abundant cytoplasm in relation 
to the nucleus (N:C ratio is 1:1 or 2:1)° With Wright's stain, 
the cytoplasm tums a dull gray blue, in contrast to the pink 
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FIGURE 1-9 A. Segmented neutrophil. B. Lymphocyte with azurophilic 
granules. 


cytoplasm of the neutrophils. Numerous fine, small, reddish- 
or purplish-stained, evenly distributed granules in the cyto- 
plasm give the cell a ground-glass, cloudy appearance (see 
Figs. 1-2F and 1-10).* There may be varying numbers of 
prominent granules in addition to the small granules. Some 
monocytes may appear nongranular, suggesting rapid turnover. 
Digestive vacuoles may be observed in the cytoplasm. In dis- 
ease states, phagocytized erythrocytes, nuclei, cell fragments, 
bacteria, fungi, and pigment may be present.‘ 

The nuclei of monocytes frequently may be kidney-shaped, 
deeply folded or indented, or occasionally lobular. One of 
the distinctive features of the monocyte is the appearance of 
conyolutions (like those in the brain) in the nucleus (see 
Figs. 1-10 and 1—11).* Another characteristic is the lacy, often 
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delicate chromatin network of intermingled fi 
small chromatin clumps. 

The shape of the monocyte is variable. Many Cells are 
round; other cells reveal blunt pseudopods that are Manifes. 
tations of their slow mobility. Pseudopods vary in size and 
number; the outer portion of the outstretched cytoplasm May 
have a hyaline appearance without granules, in contrast to the 
inner granular cytoplasm. 

It is helpful to memorize four helpful characteristic features 
of the monocytes: nuclear convolutions; lacy, often delicate 
chromatin; dull gray-blue cytoplasm; and blunt pseudopods (see 
Fig. 1-10). Kinetic studies have revealed that the half-life of 
monocytes in the circulation ranges from 8 hours to 3 days before 
these cells enter tissues and are transformed into macrophages.‘ 
Monocytes account for 2% to 9% of normal blood leukocytes,’ 


Ne Strands With 


Large Lymphocytes Versus Monocytes 
A monocyte (see Fig. 1-10D) is often mistaken for a large 
lymphocyte (see Figs. 1-8G through L) because the mono- 
cytic cytoplasm may be blue, the granules may be indistinct, 
the nucleus is round, and the blunt pseudopods and digestive 
vacuoles are missing. To distinguish monocytes from large 
lymphocytes, it is useful to observe the nuclear chromatin 
structure, character of the cytoplasm, and shape of the cells. 
The nucleus of a lymphocyte tends to be clumped (Fig. 1-12), 
rather than linear or lacy as it is in a monocyte. There is a 
greater tendency for the nuclear chromatin to be condensed 
at the periphery of the nucleus in the lymphocyte. The brain- 
like convolutions present in a monocyte (Fig. 1-13) are not 
observed in a lymphocyte (Fig. 1-14). 

Large lymphocytes and monocytes may have distinct 
bluish-red granules. In a monocyte, the large bluish-red 


FIGURE 1-10 Monocytes. A. Monocyte with “ground-glass” appearance, evenly distributed fine granules, occasional azurophilic granules, and —. 
cytoplasm. B, Monocyte with opaque cytoplasm and granules and with lobulation of nucleus and linear chromatin, C. Monocyte with prominent granu!© 
and Saarhy iigried nucleus. D. Monocyte without nuclear indentations. E. Monocyte with gray-blue color, band type of nucleus linear chromatin, 

and granules. F. Monocyte with gray-blue color, irregular shape, and multilobulated nucleus. G. Monocyte with segmented nucle us 
H. Monocyte with multiple blunt nongranular pseudopods, nuclear indentations, and folds. l. Monocyte with vacuoles and with nongranular — , 
iypee opeaeaiancaieye (From Diggs, LW, et al: The Morphology of Human Blood Cells, ed 5, 1985, pp 1-18, 25-27. Abbott Laboratories, Abbott Ps! 


with 
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Monocytes. 


Fi 


ules are interspersed with numerous fine granules in the 
plasm and cannot be enumerated (see Figs. 1-108 and C). 
a lymphocyte, these large granules are prominent (some- 


‘because there are no other granules (see Figs. 1-8/ and K). 
Because of the finely granular cytoplasm, the monocyte has 


a relatively clear, nongranular background. Large lym- 
“phocytes are often deeply indented by neighboring RBCs 
(see Fig. 1-8K). Monocytes tend to project blunt pseudopods 
between cells or to compress cells, rather than being indented 

by them. Table 1-2 presents a morphological comparison of 
_ large lymphocytes with monocytes. 
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FIGURE 1-14 A. Lymphocyte. B. Monocyte. 


TABLE 1-2 Morphological Comparison of Large 
Lymphocytes and Monocytes 


Large Lymphocyte Monocyte 
12-15 12-18 


Feature 


Size, um 


Lacy, brainlike 
convolutions 


Clumped, condensed 
at periphery 


Nucleus 


Bluish-red, interdis- 
persed with other 
granules, not easily 
enumerated 


Bluish-red, prominent 
granules, easily enu- 
merated if present 


Cytoplasmic 


granules 


Clear, nongranular 
background 


“Ground-glass” 
appearance (cloudy) 


Cytoplasm 


Cell interactions Indented by 


erythrocytes 


Projection of blunt 
pseudopodia 


CRITICAL THINKING QUESTION 

1-1 Which white blood cell would you expect to see increased 
ina patient with a bacterial infection? Would any variations 
exist if the infection was advanced? 


See answers to all Critical Thinking Questions at the back 
of this book. 


Hematopoiesis 


Hematopoiesis is the name given to the dynamic processes 
of blood cell production and development of the various cells 
of the blood. Strong evidence exists that all blood cells are 
derived from hematopoietic stem cells.* 


Description 

Hematopoiesis is characterized by a constant turnover of 
cells. The normal hematopoietic system continuously main- 
tains a cell population of erythrocytes, leukocytes, and plate- 
lets through a complex network of tissues, organs, stem cells, 
and regulatory factors,' This network is responsible for the 
maturation and division of hematopoietic stem cells (HSC) 
into the lineage-committed stages that transport oxygen and 
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excrete carbon dioxide (erythrocytes), fight infection (gran- 
ulocytes), support cellular and humoral immunity (lympho- 
cytes), and maintain hemostasis, a process in which blood 


clots and bleeding is halted (platelets). 


> ADVANCED CONTENT 

_ © Hematopoiesis is usually depicted as a hierarchy, with 

t HSCs giving rise to precursors that are committed to one 

or more pathways supported with a variety of cytokines. 

Cytokines involved in hematopoiesis include interleuk- 

ins ([Ls), colony-stimulating factors (CSFs), interferons, 

erythropoietin (EPO), and thrombopoietin (TPO)? 

* In hematopoiesis, differentiation is well charac- 
terized and involves intermediate progenitors with 
decreasing self-renewal ability and increasing lineage 
commitment. Lineages are defined functionally and 
morphologically. Lineage commitment is controlled 
by a complex network of transcription factors that 
define specific gene expression patterns for every 
cell type.*”* Transcription factors are involved in the 
regulation of cytokines.*'° Transcription factors (TFs) 
recognize specific DNA sequences to control chro- 
matin and transcription, forming a complex system 
that guides expression of the genes."! 


The majority of hematopoiesis occurs in the bone marrow 
and is derived from a limited number of hematopoietic stem 
cells (HSCs) that are multipotent and capable of extensive 


FIGURE 1-15 Hematopoiesis Sim- 
plified. A pluripotent haemopoi- 
etic stem cell (HSC) can self-renew 
or differentiate into a multipotent 
progenitor stem cell (MPP). MPP 
differentiation produces common 


i 
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self-renewal.’ HSCs reside in specialized microenvironmen, 

6,12 Lea Sin 
the bone marrow called niches.®"* The stem cell niche jg thoy 
to provide signals that support key HSC properties, including 
self-renewal capacity and long-term multilineage Tepo 
ability." It represents a highly regulated dynamic compley 
structure that maintains core properties of HSCs and hemato, 
poietic progenitor cells (HPCs) in the steady state.'’ The Stem 
cell niches modulate the proliferation and differentiation oy 
HSCs and HPCs in response to physiological demands. '5 These 
properties of the niche are shared by the intuitive immune syste, 
in which immune cells, including macrophages and neutrophils, 
are now recognized as important regulators of the hematopoj. 
etic niche.'* The hematopoietic stem cell has the capacity fo, 
continuous self-replication and proliferation, together with the 
ability to differentiate into committed HPCs of lymphoid and 
myeloid lineages.'® Under the influence of growth factors (cyto- 
kines) such as colony-stimulating factors, cytokine stem cell 
factor (SCF), and interleukins, to name a few, progenitor cells 
divide and differentiate to form the mature cellular elements of 
the peripheral blood!®'’ (see Fig. 1-15). 


Pulation 


> ADVANCED CONTENT 


| The extrinsic regulation of HSCs involve a variety of cell 
types including endothelial cells, mesenchymal stromal 
' cells, neural cells, megakaryocytes, macrophages, and 
osteoblasts.'* The major regulatory cells are endothelia cells 
_ and mesenchymal stromal cells, which are required to main- 
tain the HSC pool. The other regulatory cells, which include 
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| 
| B-lymphocyte 


B-cell progenitors 
“@-++--> 
\ Tp T-cell progenitors reaapanocs 


@ 32> Oe nr Or Om > SS | > 
i | 
NK» NK-cell progenitors |NK-lymphocyte 


. GP 
myeloid progenitors (CMPs) and @ Pl | 
common lymphoid progenitors MPP GMP @ > er en P| > 
(CLPs). The CMP differentiates HSC ash Granuiccymeraanbors | Eeilocyte 
into the granulocyte monocyte Self-renewal CC) Mop | s 
progenitor (GMP) and the Self-replication ys SS i \ 
megakaryocyte-erythroid progen- @ @ i a 


itor (MEP). The GMP differentiates 


to the granulocyte progenitor (Gp) CMP 
and monocyte progenitor (Mop). Myeloi 
The MEP differentiates into the 

erythroid progenitors (Ep) and 

megakaryocyte progenitors (Mp). 


The CLP differentiates into 

B lymphocyte progenitor (Bp), 

T lymphocyte progenitor (Tp) and 
NK lymphocyte progenitor (NKp). 


Monocyte—macrophage progenitors Monocyte 


i» © 
ie > ern > > | > °° 
@ Ep Erythroid progenitors | Erythrocytes 
Sk | 


SS ee 


we Megakaryocyte progenitors 


Platelets 
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ABLE 1-3 Selected Cytokines Produced by Major 
and Other Regulatory Cells" 


Stem cell factor 
(SCF) 


CXCL 12 


Stromal cell-derived 
factor 1 (SDF1) 


SCF CXCL 12 


Stromal cell- 
derived factor 1 


CXCL 12 for 
lymphoid 
progenitors 


CXCL4 


Transforming 
growth factor 
beta 1 (TGF-B1) 


Platelet factor 4 
N/A TGF-81 


N/A IL1 (Interleukin1), 
TNF-a 


hwann cells, megakaryocytes, macrophages, 
wy . . . 
oblasts, influence the cell cycle, localization, and 


row, liver, spleen, lymph nodes, and thymus. These tissues 
ad organs are involved in the production, maturation, and 
truction of blood cells. The entire process of hematopoie- 
‘olves from the stem cells that support hematopoiesis, the 
genitor cells that are committed to particular cell lines, and 
gulatory factors (growth factors) to which the hemato- 
ic system responds. These features enable the hematopoi- 
stem to respond to stimuli such as infection, bleeding, 
poxia by increasing hematopoiesis, with an emphasis on 


cell type needed.'”'* 


Origin of Hematopoiesis . 
ng the first few weeks of embryonic life, hematopoiesis 


stem cells forming large primitive nucleated erythroid 
® Yolk sac production of these nucleated erythroid cells 
ns to decline in about 6 weeks and ends in about 2 months." 
‘The fetal liver assumes responsibility for hematopoiesis 

ing the second month, with the yolk sac nucleated RBCs 
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Axial 
skeleton 


Hematopoiesis 


Et SlegS A87429 10 20 30 40 50 60 
Months Yr 


FIGURE 1-16 Location of active marrow growth in the fetus and adult. 
During fetal development, hematopoiesis is first established in the yolk 
sac mesenchyme, later moves to the liver and spleen, and finally is limited 
to the body skeleton. From infancy to adulthood, there is a progressive 
restriction of productive marrow to the axial skeleton and proximal ends 
of the long bones, shown as the shaded areas on the drawing of the 
skeleton. 


migrating to the liver and remaining in the liver until the sev- 
enth month.'? From the third to the sixth month, splenic hema- 
topoiesis also occurs. At approximately 7 months of fetal life, 
the responsibility for hematopoiesis shifts from the liver to the 
bone marrow, which then becomes the major site of blood cell 
development in the fetus.’ The fetal marrow becomes filled 
with RBCs during hematopoiesis. Bones of the toes, fingers, 
vertebrae, ribs, pelvis, long bones, and cranium are filled with 
erythroid cells; early lymphocytic cells also may be formed 
during fetal life. A few megakaryocytes (precursors to plate- 
lets) first appear at approximately 3 months of fetal life, and 
granulocytes are observed at about 5 months.!® 

At birth, the liver and spleen have ceased hematopoietic 
cell development, and the active sites of hematopoiesis are in 
bone cavities (red marrow), Bone seems to provide a microen- 
vironment most appropriate for proliferation and maturation 
of blood cells.'? Hematopoiesis occurs in the extravascular 
part of the red marrow, with a single layer of epithelial cells 
separating the extravascular marrow compartment from the 
intravascular compartment (venous sinuses). When new blood 
cells produced in the marrow are almost mature and ready to 
circulate in the peripheral blood, the migrating cells leave the 
marrow parenchyma by squeezing through cytoplasmic fen- 
estrations in sinus endothelial lining cells and emerging into 
venous sinuses, 

During infancy and early childhood, hematopoiesis takes 
place in the entire medullary space, with the volume of mar- 
row in the newborn infant almost equaling the hematopoietic 
marrow space of adults.'* 

Hematopoiesis gradually decreases in the shaft of the long 
bones, and after the age of 4 years, fat cells begin to appear in 
the long bones.'* Around age 18 to 20, hematopoietic marrow 
is present exclusively in the sternum, ribs, pelvis, vertebrae, 
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and skull.* Other bones contain primary fat (yellow marrow). 
After the age of 40, marrow in the sternum, ribs, pelvis, and 
vertebrae is composed of equal of amounts of hematopoietic 
tissue and fat.” Generally, hematopoiesis is sustained in a 
Steady state as production of mature cells equals blood cell 
removal. When there is increased demand for blood cells, 
active hematopoiesis may again occur in the spleen, liver, and 
other tissues as a compensatory mechanism known as extra- 
medullary hematopoiesis. 

Bone marrow hematopoietic activity can be divided into 
two separate pools—the stem cell pool and the bone marrow 
pool—with eventual release of mature cells into the periph- 
eral blood (Fig. 1-17). It is assumed that in the bone marrow 
microenvironment there is a stem cell pool where morpho- 
logically unidentifiable multipotent stem cells (MSCs) and 
common multipotent and limited progenitor stem cells reside. 
The vast majority of HSCs in the marrow localize adjacent to 
blood vessels, therefore proximal to perivascular cells,'5 

There are also two separate granulocytic pools in the 
peripheral blood: those that are functional within the circu- 
lation and those that exist in a storage form. In the granulo- 
cytic cell line in the bone marrow pool, there is a component 
for proliferation and maturation, as well as a storage compo- 
nent."* As seen in Figure 1-17, the granulocytic cells in the 
peripheral blood also contain 50% of circulating cells and 
50% of storage cells. The neutrophils that line the walls of 
the blood vessels are sometimes referred to as the marginat- 
ing storage pool.'* 

For platelets (also known as thrombocytes), the peripheral 
blood contains 70% of platelets that circulate, with 30% being 
Stored in the spleen.* Figure 1-17 demonstrates that the bone 
marrow pool consists of only proliferating and maturating 

platelet precursor cells. : 

One hundred percent of RBCs, known as erythrocytes, cir- 
culate in the peripheral blood in a functional state and in the 
bone marrow pool. Erythrocytes in various stages of devel- 
opment are a large component of proliferating and maturing 
red cell precursors found in the bone marrow. At birth, the 
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normal cellularity is 100%. Afterward, the Cellula 
ually decreases with age. Marrow cellularity in 
approximately 50% ((10%)2! The general rule to 
age-related normal ranges is 100 minus the age £102! Fo, 
example, the estimated normal marrow cellularity for 4 5. 
year-old person would be 100 — 50+ 10, representing a Tange 
from 40% to 60%. In the bone marrow, an average myeloig ,, 
erythroid ratio is 4:1 in terms of cellularity.”' Therefore jy ir 
adult with 50% marrow cellularity, approximately 40%, rep. 
resents granulopoiesis and 10% represents erythropoiesis » 
Table 1+ lists the normal adult values for bone marrow ce||; 


LitD 


Tit oy, 
Adults is 
estimate 


Erythropoiesis 


The term erythropoiesis identifies the entire process by which 
erythrocytes are produced in the bone marrow. In response 
to EPO, a growth factor that stimulates the erythroid precur- 
sors, erythropoiesis occurs in the central sinus beds of med- 
ullary marrow over a period of about 5 days through at leas: 
three successive reduction-divisions from pronormoblast to 
basophilic normoblast to polychromatophilic normoblast 
and finally to orthochromatic normoblast.? With successive 
developmental stages, the following changes occur: reduction 
in cell volume, condensation of chromatin, decrease in N:C 
ratio, loss of nucleoli, decrease in ribonucleic acid (RNA) in 
the cytoplasm, decrease in mitochondria, and gradual increase 
in synthesis of hemoglobin (Fig. 1-18). 

It is helpful to memorize the following developmental 
stages from the “mother cell” to mature erythrocyte: pro- 
normoblast (rubriblast) to basophilic normoblast (proru- 
bricyte) to polychromatophilic normoblast (rubricyte) to 
orthochromatic normoblast (metarubricyte), The nucleus 
of the orthochromatic normoblast is eventually extruded, 
leaving a nonnucleated polychromatophilic (diffusely baso- 
philic) erythrocyte (reticulocyte), which is released into the 
circulating blood to mature in | to 2 days.™ Progressive cel- 
lular divisions of one pronormoblast results in production 
of 14 to 16 erythrocytes.™ 


HEMATOPOIESIS 
Bone marrow pool Peripheral blood 
Prolif. and Storage Storage Functional 


Granulocyte 


LE 1-4 Bone Marrow Cells: Normal Adult Values 


Percentage 


lic normoblast 


atophilic normoblast 


ie 
Oy 


atic normoblast 
d to Erythroid Ratio (M:E) = 4:1 


Percentage of total nucleated cells in bone marrow represent normal 
ranges for adults taken from the University of Texas Health Science Center 
sity Hospital, San Antonio, Texas. 


oblast, the earliest recognizable cell of the eryth- 
ic series, has a round, primitive nucleus with visible 
li and chromatin strands that are distinct and dispersed. 
is no evidence of clumped chromatin. The nucleus 
reddish-blue with Wright’s stain. The cytoplasm stains a 
blue owing to the presence of RNA.’ The nuclear-to- 
asmic (N:C) ratio in a pronormoblast is 8:1 to 6:1 
1-19A, 1-20A, 1-21, 1-22, and 1-234). 


moblast is usually slightly larger than a myeloblast and 
ore cytoplasm, which stains a deeper blue. Pronormo- 
constitute 1.5% or less of the cells observed in normal 
marrow (see Table 1-4). Pronormoblasts usually divide 
12 hours to make daughter cells (basophilic normo- 
* The morphological characteristics of the erythro- 
series are summarized and illustrated in Table 1~5, 


‘throblast) 

ophilic normoblasts, the daughter cells of pronormoblasts, 
about 20 hours to develop. In normal bone marrow 
are about four times as many basophilic normoblasts as 
oblasts.4 The basophilic normoblast is differentiated 
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NORMAL ERYTHROCYTIC SEQUENCE 


Polychromatophilic normoblast 


® 


Orthochromatic normoblast 


Polychromatophilic erythrocyte 
(reticulocyte) 


Oo 


Mature erythrocyte 


FIGURE 1-18 Erythrocytic system. Erythropoiesis, (From Diggs LW, 
et al, The Morphology of Human Blood Cells, ed 5, 1985, pp 1-18, 
25-27. Abbott Laboratories, Abbott Park, IL, with permission.) 


from the pronormoblast by the coarsening of the chromatin 
pattern and the nucleoli, which are ill-defined or not visible 
under light microscopy. As the basophilic normoblast matures, 
it accumulates more RNA and hemoglobin (Figs. 1-24, 1-254, 
1-26, and 1-27), The predominant color of the cytoplasm is 
blue due to the staining of RNA, but there may be a pinkish 
tinge reflecting the presence of varying amounts of hemoglo- 
bin. The N:C ratio in the basophilic normoblast is 6:1 to 4:14 
A basophilic normoblast is somewhat smaller than a pronor- 
moblast, with a size of 12 to 17 m.** Normal bone marrow 
contains 1% to 5% basophilic normoblasts (see Table 1-4). 
The division of the basophilic normoblasts forms polychro- 
matophilic normoblasts, which are smaller than basophilic 
normoblasts but have twice the amount of hemoglobin. 
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FIGURE 1-19 A. Two pronormoblasts (note the perinuclear halo). 

B. One polychromatophilic normoblasts (left); one orthochromatic nor- 
moblast (below center). C. Neutrophilic band. D. Segmented neutrophil. 
E. Smudge cell. 
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FIGURE 1-20 A. Pronormoblast. B. Orthochromatic normoblast. C. Two 
polychromatophilic normoblasts. 


Polychromatophilic Normoblast (Rubricyte, 
Polychromatophilic Erythroblast) 

Polychromatophilic normoblasts are smaller than basophilic 
normoblasts (10 to 15 ym), having relatively more cytoplasm 
and a smaller nucleus than basophilic normoblasts.** The 
cytoplasm contains a varying mixture of pink due to hemo- 
globin and blue due to RNA; in the late polychromatophilic 
normoblast, the pinkish color is usually predominant. 

Nuclear chromatin is thickened and irregularly condensed 
in the polychromatophilic normoblast. Light-staining parach- 
romatin areas are visible among the dark blue-staining, irreg- 
ular pyknotic masses. Nucleoli are no longer visible. The N:C 
ratio in a polychromatophilic normoblast is 4:1 to 2:17* (see 
Figs. 1-18, 1-19B, 1-20C, 1-25B, 1-28, and 1-294). 

The maturation time for polychromatophilic normoblasts 
in bone marrow is about 30 hours, and there are approxi- 
mately three times as many polychromatophilic normoblasts 
as basophilic normoblasts in the bone marrow. Bone marrow 


FIGURE 1-22 Center: Pronormoblasts; lower center: Lymphocyte. 


4 
FIGURE 1-23 A, Pronormoblasts. B, Neutrophilic myelocyte. C. Neutrc 
philic metamyelocyte, D, Segmented neutrophil. 


in a normal adult contains 5% to 30% polychromatophi! 
normoblasts. Polychromatophilic normoblasts are no/ pres¢!" 
in the normal peripheral blood of adults, but they may apP<’ 
in small numbers in the peripheral blood of normal new>e"" 


infants.'? 


Pronormoblast 
(rubriblast) 


% in Blood 
Marrow 


Cell Size, pm 
14-24 


N:C Ratio 


Nuclear Shape 


Nuclear 
Position 


Central 


Nuclear Color/ 
Chromatin 


Reddish-blue 
finely stippled 
granular 
chromatin 


Nucleoli 


Color/Amount 
of Cytoplasm 


Dark or royal 
blue/slight 


Cytoplasmic 
Granules 


Basophilic 
normoblast 
(prorubricyte) 


Central 


Increased, 
larger 
granularity 
of nuclear 
chromatin 


Usually none, 
occasional 
indistinct 
nucleolus 


Basophilic/ 
slight 


Polychromato- 
philic normoblast 
(rubricyte) 


Central 


Dark blue, 
smaller 
nucleus with 
parachroma- 
tin, increased 
clumped 
chromatin 


None 


Bluish-pink/ 
moderate 


Orthochromatic 
normoblast 
(metarubricyte) 


Central 


Blue-purple, 
small nucleus 
with pyknotic 
degeneration/ 
condensed 
chromatin 


Pink/ 
moderate 


Polychromato- 
philic erythrocyte 
(reticulocyte) 


n/a: nucleus 
has been 
extruded 


n/a 


Clear gray- 
blue, polychro 
matophilic to 
pink 


Mature 
erythrocyte 


n/a 


Pink 


BM = bone marrow; n/a = not applicable % in BM = Percentage of total nucleated cells in bone marrow represent normal reference ranges for adults taken from the University of Texas Health Science Center and University Hospital, 


San Antonio, Texas. 
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FIGURE 1-24 Basophilic normoblasts. 
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FIGURE 1-25 A. Basophilic normoblast. B. Three polychromatophilic 
normoblasts. C. Orthochromatic normoblast. 
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FIGURE 1-26 Left: Basophilic normoblast; center: Plasmacyte. 


Orthochromatic Normoblast (Metarubricyte, 
Orthochromatic Erythroblast) 

Orthochromatic normoblasts are formed from polychro- 
matophilic normoblasts and are recognized by the solid, 
blue-black, degenerated nucleus with a nonlinear clumped 
chromatin pattern (see Figs. 1-18, 1-20B, 1-25C, and 1-27). 
The nucleus is called pyknotic because there is no parachro- 
matin (white areas) present. The orthochromatie normoblast 


> a—ie wae 
FIGURE 1-27 Center: Basophilic normoblast; right: Orthochromatic 
normoblast. 


FIGURE 1-29 A, Orthochromatic normoblasts. B. Lymphocyte. 
C. Segmented neutrophil. 


nucleus is incapable of further DNA synthesis and therefore 
cannot divide. The degenerated nucleus of the orthochromatic 
normoblast is destined to be extruded and will be phagocy- 
tized. The N:C ratio in an orthochromatic normoblast is !*! 
to 1:2.%4 

The cytoplasm is predominantly pink (or redd's!) 
because of increasing hemoglobin synthesis, but the! 
may remain minimal amounts of blue cytoplasm due '° the 


presence of RNA. 


The maturation time for the orthochromatic normoblast 
hours. The number of orthochromatic normoblasts 
jormal bone marrow varies between 5% and 10% (see 
1-4). Orthochromatic normoblasts are not observed in 
normal peripheral blood of adults, but they can be found 
blood of normal newborn infants.!” The orthochro- 
tic normoblast is the smallest of the nucleated erythrocyte 
cursors (8 to 12 stm). Morphological characteristics of 
chromatic normoblasts are given in Table 1—5. 


ficulocyte (Diffusely Basophilic Erythrocyte, 
olychromatophilic Erythrocyte) 
condensed, pyknotic nucleus of an orthochromatic nor- 
ast is extruded, leaving a diffusely basophilic or poly- 
tophilic cell. The membrane of the erythrocyte seals 
. Some of the bluish-staining color remains because 
presence of RNA. The erythrocyte contains approx- 
ely two-thirds of its total hemoglobin content by the 
the nucleus is lost. The RNA content soon begins to 
A diffusely basophilic erythrocyte is larger than a mature 
lI (8 to 10 um).**It is released in 2 to 3 days from the 
arrow and circulates for 1 or 2 days before maturing into 
throcyte.* Only rarely are diffusely basophilic erythro- 
ound in the blood of normal adults; however, polychro- 
natophilic cells are frequently seen in the blood of normal 
\ yborn infants.'° 
hen stained with new methylene blue, these polychro- 
ophilic erythrocytes reveal ribosomes in a granulofila- 
jus arrangement (or network of strands and granules) 
e classified as reticulocytes (Fig. 1-30). As ribosomes 
, the diffusely basophilic cell changes into a mature 
nro C.. 
With anemia or hypoxia, EPO stimulates marrow erythroid 
ursors to proliferate and to increase the number of early 
roid cells. An increased number of polychromatophilic 
e delivered early from the marrow and, therefore, the 
e count is increased.” 


1-30 Reticulocytes. New methylene blue stain of peripheral 
Note reticulocytes with varying amounts of stained reticulum 
Reticulocytosis is associated with increased erythropoietic activity 
ed by polychromasia on the Wright's stain of the peripheral blood. 
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Erythrocyte (Red Blood Cell, Discocyte) 
The morphological characteristics of a normal erythrocyte 
were presented at the beginning of this chapter. 

A mature erythrocyte is not able to synthesize hemoglobin, 
because it is without a nucleus, mitochondria, or ribosomes, 
but it has a unique, yet limited, metabolism to sustain itself 
while traversing the microvasculature. The erythrocyte carries 
oxygen from the lungs to the tissues where it is exchanged 
for carbon dioxide. Erythrocytes are pliable or flexible and 
deformable, making them capable of unusual changes in shape 
that are necessary for the passage through the microcircula- 
tion to transport oxygen. Refer to Table 1-5 for a summary of 
the morphological characteristics of each stage of maturation 
of the red cell. 


Myelopoiesis (Granulocytopoiesis) 
Myelopoiesis (granulocytopoiesis) refers to the produc- 
tion of neutrophils, eosinophils, and basophils (Fig. 1-31). 
Mature neutrophils, eosinophils, and basophils have similar 
patterns of proliferation, differentiation, division, storage 
in marrow, and delivery to the blood. Maturation and 
division of the myeloid series in the marrow demonstrate 
a continuum of development from the blast to the most 
mature cell (segmented neutrophil), requiring from 7 to 
11 days.” 

Granulocyte production proceeds after the cell lineage 
commitment has determined the identity of the maturing cell 
as a member of the myelocytic series. These cells actively 
divide and mature, taking | to 2 days for each cellular cycle. 
The maturation pool is composed of metamyelocytes and 
bands, and represents the end of DNA synthesis and divi- 
sion. The transformation of myelocyte to metamyelocyte to 
band takes about 8 to 9 hours after entry into the maturation 
pool. The storage pool retains mature cells for release into 
peripheral circulation. These mature cells leave the mar- 
row by moving through transiently formed pores in endo- 
thelial cells that separate marrow parenchyma from venous 
sinuses. When leaving blood for tissue, these cells migrate 
between endothelial cells (diapedesis). After release, these 
cells become part of the functional pool and reside as circu- 
lating cells or as marginated cells, which line blood vessel 
walls. Cells are released to enter the peripheral blood or 
vessel walls for a few hours and then leave the blood to 
enter the tissues and body cavities. As these cells exit the 
blood or the tissues, they are replaced by other cells from 
the marrow. Once in the blood, half of the released cells 
freely circulate while the other half are in a marginating 
neutrophil pool on the walls of blood vessels, particularly 
those in lungs, liver, and spleen. These latter cells leave the 
peripheral vessel to be directed by chemotactic factors to 
inflammatory or infectious tissue. After these cells enter 
tissues, they do not reenter the circulation or the marrow.* 


Morphological Changes 

Many morphological changes occur during maturation of 
granulocytes. These include a reduction in nuclear volume, 
condensation of chromatin, change in nuclear shape, appear- 
ance and disappearance of primary granules, appearance of 
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FIGURE 1-31 Granulocytopoiesis: myelocytic (granulocytic) system. 

A. Myeloblast. B. Promyelocyte (progranulocyte). C. Basophilic myelocyte. 
D. Basophilic metamyelocyte. E. Basophilic band. F. Segmented basophil. 
G. Neutrophilic myelocyte. H. Neutrophilic metamyelocyte. I. Neutrophilic 
band. J. Segmented neutrophil. K. Eosinophilic myelocyte. L. Eosinophilic 
metamyelocyte. M. Eosinophilic band. N. Segmented eosinophil. (From 
Diggs LW, et al. The Morphology of Human Blood Cells, ed 5, 1985, 

pp 1-18, 25-27. Abbott Laboratories, Abbott Park, IL, with permission.) 


secondary granules, color changes in cytoplasm from blue to 
pinkish-red, and change in the size of cells’ (Table 1-6). 

Maturation of the granulocytic series of cells is character- 
ized by the development of primary blue-staining granules, 
which are replaced by secondary granules that differ in their 
affinity for various dyes. Cells with an affinity for basic dyes 
are basophils; the cells that stain reddish-orange with the acid 
dye eosin are eosinophils; the cells that do not stain intensely 
with either acid or basic dyes are called neutrophils. As 
these motile cells mature, the nucleus undergoes progressive 
changes from round to multilobular forms. 


Stages of Differentiation and Maturation 
Myeloblasts 

The earliest recognizable cell in the granulocytic series is a 
myeloblast.** A myeloblast usually has a round nucleus that 


stains predominantly reddish-blue and has a SMOoth p 
membrane. The interlaced chromatin strands are He 
finely dispersed or stippled, and evenly staineg as 
clumped. One or more nucleoli of uniform size are usy Not 
demonstrable, but occasionally nucleoli may be barely ay 
ble. A slight to moderate amount of bluish nongranular ¢ i 
plasm stains lighter next to the nucleus than at the petiphe,, 
of the cell (see Figs. 1-314 and 1-32). The N:C ratio in Fe 
myeloblast is 7:1 to 5:1. A myeloblast is smaller and has less 
blue cytoplasm than a pronormoblast. After about three to five 
mitotic divisions, the myeloblast matures into a Promyelocyte 
as primary granules become visible. 

Myeloblasts vary in size from 15 to 20 um. They are no, 
present in normal peripheral blood. Normal marrow containg 
2% or less myeloblasts. The appearance of primary granules 
marks the maturation of the myeloblast into a promyelocyte, 


Promyelocyte (Progranulocyte) 

The promyelocyte contains granules that stain dark blue or 
reddish-blue and may be round or irregular in shape. They 
appear scattered throughout the cytoplasm and may overlay 
the nucleus. 

The nucleus of a promyelocyte is usually round and large 
in relation to the cytoplasm. The chromatin of young promy- 
elocytes is almost as finely granular as it is in a myeloblast, 
In older cells, the chromatin structure is slightly coarser than 
that in a myeloblast. Nucleoli may be faintly visible but are 
not often distinct (see Figs. 1-318, 1-33, and 1-34).3 The 
N:C ratio in a promyelocyte is 5:1 to 3:1.24 The cytoplasm 
is blue, with a relatively light zone adjacent to the nucleus. 
The periphery of the cytoplasm is smooth and not indented 
by neighboring cells. The size of a promyelocyte may vary 
from 12 to 24 um, depending on the stage of a given cell in 
the mitotic cycle. It is often 20 um and may be larger than a 
myeloblast.* Promyelocytes are not present in normal periph- 
eral blood. From 1% to 4% promyelocytes are observed in 
normal bone marrow.” As the promyelocyte matures, nucleoli 
begin to fade, the chromatin becomes more condensed, and 
the granules are not as intensely stained. Specific secondary 
neutrophilic granules begin to appear, and the synthesis of pri- 
mary granules ceases. A few primary granules remain through 
division and maturation, and may even appear in segmented 
neutrophils, 


Neutrophilic Myelocytes 

When primary granules are no longer synthesized and less 
dense secondary neutrophilic granules can be identified, the 
cell has matured into a myelocyte. The first sign of neu- 
trophilic differentiation has been called the “dawn of neu- 
trophilia” or “beginning neutrophilia,” which refers to @ 
relatively light island of ill-defined or barely visible (pink- 
ish) secondary lysosomal granules that develop adjacen! 
to the nucleus and in proximity to the remaining primary 
granules. As myelocytes divide and age, the primary gta! 
ules become fewer and the secondary (specific) neutrophili« 
granules predominate.** Secondary granules are considered 
to be specific granules for neutrophils, and they con!#!" 
collagenase, lysozyme, lactoferrin, plasminogen activalo™ 


and aminopeptidase,” 


TABLE 1-6 Morphological Characteristics of the Granulocytic (Neutrophilic) Series 


Name Cell %inBM 
Myeloblast 


Cell Size, pm 


N:C Ratio 
7:1-5:1 


Nuclear Shape 


Round to oval 


Nuclear 
Position 


Eccentric or 
central 


Nuclear Color/ 
Chromatin 


Light reddish-blue, 
fine meshwork, with 
no aggregation of 
material 


Nucleoli 


Color/Amount 
of Cytoplasm 
Basophilic/ 
slight 


Cytoplasmic 
Granules 


Absent 


Promyelocyte 


Round to oval 


Eccentric or 
central 


Light reddish-blue, 
fine meshwork, 
slight aggregation 
may be seen at 
nuclear membrane 


Basophilic/ 
increased 


Present, fine 
azurophilic, 
nonspecific 
granules 


Neutrophilic 
myelocyte 


Oval or round: 
slightly 
indented 


Usually 
eccentric 


Reddish-blue fine 
chromatin with 
slightly aggregated 
or granular pattern 


May or may 
not have 
nucleolus 


Neutrophilic 
metamyelocyte 


Usually 
indented 
(kidney- 
shaped) 


Central or 
eccentric 


Light blue-purple 
with basophilic 
chromatin easily 
distinguishable 


None 


Bluish-pink/ 
moderate 


Clear pink/ 
moderate 


Present, azuro- 
philic, specific 
granules 


Present, (spe- 
cific) granules, 
neutrophilic 


Neutrophilic 
band 


Elongated, 
narrow band 
(horseshoe) 
shape of uni- 
form thickness 


Central or 
eccentric 


Purplish-red, 
clumped granular 
chromatin 


Pick/abundant 


Specific 
granules, fine 
violet-pink 


Neutrophilic P 5-15% 
segmented 

(neutrophils or 

polys) 


2-5 distinct 
nuclear lobes 


Central or 
eccentric 


Purplish-red 
clumped granular 
chromatin 


Pink/ 
abundant 


% in BM = Percentage of total nucleated cells in bone marrow represent normal reference ranges for adults taken from the University of Texas Health Science Center and University Hospital, San Antonio, Texas. 


Specific 
granules, fine 
violet-pink 
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FIGURE 1-32 Center: Myeloblast: right: Segmented neutrophil; 
left: disintegrated neutrophil. 


FIGURE 1-33 Promyelocyte. 


A B05 OC. 


FIGURE 1-34 Promyelocyte. 


The nuclei of myelocytes may be round, oval, or flattened 
on one side and usually decentralized’ (see Figs. 1-31G and 
1-354). Chromatin strands become condensed, partly clumped, 
and thickened, and are unevenly stained. Nucleoli are absent or 
indistinct in myelocytes. The neutrophilic myelocyte is the last 
myeloid precursor capable of division.’ 


FIGURE 1-35 A. Neutrophilic myelocyte. B. Neutrophilic metamyelocyte. 
C. Plasmacyte. D. Orthochromatic normoblasts. E. Segmented neutro- 
phils. F. Nucleus of a degenerated cell. 


Neutrophilic myelocytes are often smaller than promy- 
elocytes (10 to 18 jum) and have relatively large amounts of 
cytoplasm (N:C ratio is 2:1 to 1:1),? which gradually becomes 
less basophilic and more pinkish. The normal peripheral blood 
does not contain neutrophilic myelocytes. There are 5% to 20% 
myelocytes in normal bone marrow.”4 


Neutrophilic Metamyelocytes 

As maturation proceeds, the nucleus becomes slightly 
indented (bean- or kidney-shaped), and this shape serves to 
identify the cell as a metamyelocyte. The indentation is less 
than half the width of an arbitrary round nucleus (Fig. 1-36). 
There is noticeable condensation with clumping of the chro- 
matin, but the chromatin structure is not as dense as that of the 
segmented neutrophilic cell. Metamyelocytes do not divide 
nor do they have nucleoli.'* The N:C ratio is 1:13 

Many small, pinkish secondary granules fill the cytoplasm, 
and there may be a few primary darker granules remaining 
(see Figs. |-31H, 1-35B, and 1-374). These maturing cells 
remain in the bone marrow and represent a portion of the 
granulocytic reserve.” 

Metamyelocytes are somewhat smaller than myelo- 
cytes (10 to 18 um) and are larger than the band neutrophil 
or segmented cell.% These cells are usually absent in nor- 
mal peripheral blood. There are approximately 5% to 20% 
metamyelocytes in normal bone marrow. 


Band Neutrophil 
When the stage is reached in which the nuclear indentation 
in the early granulocyte is greater than half the width o! 


TERMINOLOGY BASED ON INDENTATION OF NUCLE! 


Metamyelocyte Band 
FIGURE 1-36 Terminology based on indentation of nuclei: (/eft 1019’ 


Myelocyte Segmented 


myelocyte, metamyelocyte, band, segmented. 


oo» 
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FIGURE 1-37 A.Two neutrophilic metamyelocytes. B. Three neutrophilic 
bands. C. Two segmented neutrophils. 


the nucleus (see Fig. 1-36), the cell is identified as a band 
neutrophil. 

The opposite edges of the nucleus become almost parallel, 
giving the appearance of a horseshoe, hot dog, or a curved link 
of sausage. The shape of the nucleus of a band neutrophil is 
often folded or twisted, giving rise to difficulty in distinguish- 
ing a band from a segmented neutrophil. The nuclear chroma- 
tin is pyknotic, and there is usually a dark condensed mass at 
each end where the lobe is destined to be. The small secondary 
neutrophilic granules are evenly distributed and stain various 
shades of pink (see Figs. 1-31/ and 1-378). An occasional 
dark primary granule may be observed. The N:C ratio of a 
neutrophilic band is 1:1 to 1:2.* 

Neutrophilic band cells are often slightly smaller than 
metamyelocytes. Band forms constitute from 10% to 35% of 
the nucleated cells in the bone marrow.”* 

Segmented neutrophils as stated earlier in this chapter, the 
nucleus of the segmented neutrophil is divided into two to five 
(often three) lobes that are connected by a thin filament or 
strand (see Figs. 1-31J, 1-32, 1-35£, 1-36, and 1-37C), The 
N:C ratio of a segmented neutrophil is 1:3.% Approximately 
5% to 15% segmented neutrophils are noted in normal bone 
marrow of older children and adults.* In circulation, neutro- 
phils have a short life span of an average of 9 hours, which 
demands constant production and release from the BM.” 

Neutrophils are now recognized as important regulators of 
the hematopoietic niche and, ultimately, of the stem cells from 
which they are derived.'* 

Because there is a gradual transition between the various 
Stages of granulocytes, the division of neutrophils into devel- 
Opmental stages is somewhat arbitrary. This division is, how- 
ever, necessary for morphological evaluation. Borderline cells 
that are difficult to distinguish from each other are often pres- 
_ nt, In this dilemma, the borderline cell should be classified 

as the more mature cell.2* See Table 1-6 for the morphological 
acteristics of the granulocytic (neutrophilic) series. 


sue Neutrophils 

sue neutrophils are large marrow cells with ample cytoplasm 
laVing irregular, blunt pseudopods that are often multipointed 
nd may have nebulous cytoplasmic streamers (Fig. 1-38). 


FIGURE 1-38 Tissue neutrophil (large center cell). 


Eosinophils 

Eosinophils pass through the same developmental stages as 
neutrophils: myelocyte, metamyelocyte, band, and segmented 
stages (see Figs. 131K through J). The earliest eosinophil 
(eosinophilic myelocyte) has a few dark bluish primary gran- 
ules intermingled with the few specific, reddish-orange gran- 
ules (Fig. 1-39). During development, the bluish granules 
become less visible and disappear, and the very round, spe- 
cific, or secondary bright red refractile eosinophilic granules 
fill the cytoplasm (Figs. 1-404, 1-414, and 1-424). 


Oe 


i Mir 


FIGURE 1-39 Center; Eosinophilic myelocyte. 


r™% 
FIGURE 1-40 A, Eosinophilic metamyelocyte. B. Neutrophilic band, 
C. Polychromatophilic normoblast. 


trophilic band, C, Lymphocyte. 
DL NRBC (orthochromatic normoblast). E. Segmented neutrophil, 


FIGURE 1-42 A. Segmented eosinophil. B. Lymphocyte. C. Neutrophilic 
band D. Neutrophilic metamyelocyte. E. Plasmacyte, F. Two diffusely 
basophilic red cells. 


Production of eosinophils in the marrow takes 3 to 6 days 
before the eosinophils appear in the peripheral blood.“ Bone 
marrow provides a storage area for eosinophils so that they 
can be rapidly mobilized when needed. The factors that regu- 
late production and release of eosinophils into blood are prob- 
ably different from those that regulate neutrophils. The mean 
it time of these cells in the circulatory system of humans 
S been reported to be about 8 hours, but in some disease 
ites with eosinophilia, the time may be longer.’ Much less 
nown about the stem cell kinetics of the eosinophil than of 


- migrate from blood to tissue, such as bron- 
skin, gastrointestinal tract, and vagina in about 


phils, which are motile, can migrate 
into the tissue or into an area of 
nner as neutrophils.” 

contains 0% to 3% eosino- 


Tissue Eosinophils 
In smears of bone marrow, occasionally there 
cell with elongated and tapering cytoplasmic ex 


ay be " 


a 


wate 
tensions Co, 


taining typical reddish-orange granules of the type geo, 


eosinophils of the circulating blood" (Fig. 1-43)" "the 
Basophils, Basophils may be identified as basophitic mye} 
cytes, metamyelocytes, bands, and segmented cel}, ‘ine 
upon the shape of their nuclei. The shape of the Hucleus j, 
however, often masked by large basophilic granules (see 
Figs. 1-31C through /). The specific violet-blue Branules of 
basophils are formed in the myelocytic stage and CONtinye 
to be produced throughout all later maturation stages (see 
Figs. 1-31C through F). 

Maturation of basophils in the bone marrow takes plac. 
over 7 days. Mature basophils rarely have more than two 
segments, Basophils circulate for a few hours in blood, they 
migrate into skin, mucosa, and other serous membranes,”° 

Basophils in all stages of maturation are smaller than pro. 
myelocytes and neutrophil myelocytes; their size approxi- 
mates that of neutrophils. The morphological characteristics 
of the basophilic series are summarized and illustrated in 
Table 1-8. Normal bone marrow has 0% to 1% basophils.** 


Tissue Basophils (Mast Cells) 

Tissue basophils (mast cells) (Fig. 144) and blood basophils 
are closely related in their functions and biochemical charac- 
teristics, but the relationship between them is still being stud- 
ied. Tissue basophils are widely scattered in the connective 


tissue of various organs, bone marrow, and the mucosal area 
of serous membranes.”° 


CRITICAL THINKING QUESTION 

1-2 Differentiation of the different maturation stages of 
granulocytes can be difficult. What characteristics 
can morphologists utilize to help identify the correct 


maturation stage? gy 


Monopoiesis a en 
The mononuclear phagocyte system (MPS) is composed of 
monocytes, macrophages, and their precursors—monoblasts 
and promonocytes, The cells composing this system arise in 
the bone marrow from progenitor cells that are committed to 
monocyte-macrophage production,” 


Monoblasts and Promonocytes 

Monoblasts are large and have an eccentrically placed nucleus 
that may be minimally indented; one or two large prominc®! 
nucleoli; a fine, lacy nuclear chromatin; and a nongranvl.! 
cytoplasm that stains a deep blue (Fig. 1-45B). The N:C rate 
in these cells is 7:1 to 4:1 (Table 1~-9).2* Monoblasts are no" 
motile and nonphagocytic cells. Monoblasts divide and ¢'\* 
rise to promonocytes and then to monocytes. 

Promonocytes also are large and have indented or (0! 
nuclei and fine chromatin. They often have a visible nucl¢s!* 
and sometimes contain a few peroxidase-positive yr! 
The N:C ratio in promonocytes is 4:1 to 2:1 (see Fig. | 4°! 


- 4 


TABLE 1-7 Morphological Characterization of the Granulocytic (Eosinophilic) Series 


%in Cell Size, Nuclear Color/Amount 
BM um N:CRatio NuclearShape _ Position Nuclear Color/Chromatin —_Nucleoli of Cytoplasm Cytoplasmic Granules 


Myeloblast 0-2% 15-20 71-521 Round Eccentric or Light, reddish-blue, Basophilic/ Absent 
central fine meshwork with no scanty 
aggregation of material 


Promyelocyte 1-4% 12-24 5:1-3:1 


Round 


Basophilicand Present, fine azuro- 
central meshwork, slight aggre- increased philic, nonspecific 
gation may be seen at granules 
nuclear membrane 


Eosinophilic 10-18 2:1-1:1 Ovalorround: — Usually Reddish-blue fine May or Bluish-pink/ Present, reddish-or- 
myelocyte slightly eccentric chromatin with slightly may not moderate ange, uniform 

indented aggregated or granular = have (specific) eosinophilic 
pattern nucleolus granules 


Eosinophilic 10-18 1:1 Usually Central or Light blue-purple with None Pink/ Present, reddish- 
metamyelocyte indented eccentric basophilic chromatin moderate orange, uniform 
(kidney- easily distinguishable (specific) eosinophilic 
shaped) granules 


Eosinophilic band 1:1-1:2 Elongated, Central or Deep blue-purple, Pink/ 
narrow band eccentric coarsely granular moderate 
shape of uni- chromatin 
form thickness 


Present, red, uniform, 
(specific) eosinophilic 
granules 


Eosinophilic 0-1% 10-16 1:3 2 distinct Central or Deep blue-purple, Pink/ 
segmented nuclearlobes _ eccentric coarsely granular moderate 
(eosinophil) chromatin 


Present, red, uniform, 
(specific) eosinophilic 
granules 


% in BM = Percentage of total nucleated cells in bone marrow represent normal reference ranges for adults taken from the University of Texas Health Science Center and University Hospital, San Antonio, Texas. 
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o 
FIGURE 1-43 Arrow: Tissue eosinophil; A. Binucleated orthochromatic 
normoblast. B. Orthochromatic normoblast. 


Promonocytes and monoblasts are not easily identifiable 
in bone marrow or peripheral blood smears except in disor- 
ders in which there is marked proliferation of monocytic cells. 
The identification of early monocytic cells is based on slightly 
indented, or folded, large nuclei and on association with more 


mature cells that have pseudopods and brainlike convolutions 
in the nucleus. 


Monocytes and Macrophages 
Promonocytes develop into monocytes. Monocytes enter the 
circulation for a short time and then migrate into tissue to 
transform into tissue macrophages.* 

The characteristic features of monocytes in normal periph- 
eral blood are given in the earlier part of this chapter (see 
Fig. 1-10). As monocytes mature, they become too large to 
pass readily through capillaries, and so they move into tissue 
and convert into macrophages in many organs (e.g., pulmo- 
nary alveolar macrophages, peritoneal macrophages, splenic 
macrophages, Kupffer cells in the liver, and connective tissue 
macrophages).”° This transformation involves rapid growth, 
enlargement, and intensified phagocytic activity. Macro- 
phages do not normally reenter the bloodstream but may reen- 
ter the circulation during inflammation.** 

Macrophages are large, irregularly shaped tissue cells (25 
to 80 um) with a round or reniform nucleus that contain one 
or two nucleoli, clumped chromatin, abundant cytoplasm with 
vacuoles, and numerous azurophilic granules.* Macrophages 
are also called histiocytes (histio = tissue; cyte = cell). See 
Table 1—9 for the morphological characteristics of the mono- 
cytic macrophage series. 


Lymphopoiesis 

The lymphoid progenitor cell is derived from the hematopoi- 
etic stem cell. The common lymphoid progenitor cell can dif- 
ferentiate into either T cells, B cells, and natural killer (NK) 
cells depending on the microenvironment. T cells differentiate 
in the thymus, B cells in adult bone marrow, and NK lym- 
phocytes are currently considered to originate and mature in 
the BM.” Natural killer (NK) cells have a major role in host 
defense and immune-surveillance.”” However, whether NK 
cell maturation occurs primarily in the BM niche is still being 
debated.” It is speculated that the early phases of NK lym- 
phocyte development occur in the bone marrow, and the later 


stages of differentiation can take place in the Secondary 
phoid tissues, such as the tonsils, spleen, and lymph 
is known that NK lymphopoiesis is supported through int..." 
tions with stromal cells, cytokines, growth factors, ang ah 
soluble molecules.” T, B, and NK cells can be distin : 
functionally and by immunological marker studies. 30 
section on CD Nomenclature later in this chapter.) 

In primary lymphoid organs such as the thymus anq 
marrow, lymphocytes differentiate, proliferate, and Mature 
into fully functional immune cells. In secondary lymphoig 
organs such as lymph nodes, spleen, and mucosal tissues (ton. 
sils, Peyer’s patches), lymphocytes communicate and interact 
with antigen-presenting cells (APCs), phagocytes, and mac. 
rophages in an active immune response.*! 


7 Ym. 
Nodes 49 


other 
Buishey 
(See the 


bone 


Lymphoblasts and Prolymphocytes 
The earliest lymphocytes are identified as lymphoblasts ang 
prolymphocytes. Lymphoblasts contain a large, round nucleys 
with a small or moderate amount of basophilic cytoplasm 
The nuclear chromatin strands in lymphoblasts are thin, loose. 
evenly stained, and not clumped. One or several nucleoli are 
usually demonstrable. These cells measure 10 to 20 1m in 
diameter and have a N:C ratio of 7:1 to 4:14 (see Fig. 145.4). 
Prolymphocytes have an intermediate chromatin pattern 
that has clumps in some areas of the nucleus but does not 
appear as clumped as in mature lymphocytes. Parachro- 
matin, which appears reddish-purple, may be present in the 
nucleus. Nucleoli are less distinct than in lymphoblasts. Pro- 
lymphocytes are slightly smaller than lymphoblasts, approx- 
imately 9 to 18 pm, and have a N:C ratio of 5:1 to 3:17 
(see Fig. 1-45D). Differences are subtle, and when in doubt, 
the cell should be called a lymphocyte. The morphological 
characteristics of the lymphocytic series are summarized and 
illustrated in Table 1-10. 


Lymphocytes 
The morphological description of mature lymphocytes may 
be found in the first part of this chapter. 


Plasmablasts and Proplasmacytes 

Cells designated as plasmablasts are similar to blast cells of 
other series. The nuclei are large in relation to the cytoplasm 
(N:C ratio is 5:1 to 4:1; see Table 1-12); appear round with 
fine, linear chromatin strands; and have a clearly visible nucle- 
olus* (see Fig. 1-45C). The cytoplasm is blue. Plasmablasts 
are identified primarily in the presence of proplasmacytes and 
plasmacytes but cannot be easily differentiated from other 
blasts. The plasmablast appears slightly larger than the more 
mature plasmacyte. The plasmablast is 16 to 25 jum, and the 
mature plasma cell is 10 to 20 um." 

Proplasmacytes and plasmacytes differ from plasmablas's 
in that the color of the cytoplasm is deep blue, the juxtanucles" 
light areas are prominent, and the nuclei are eccentric.’ 1h* 
chromatin structure of the nuclei in proplasmacytes is 1n'«" 
mediate between that of plasmablasts and plasmacytes. |" P'” 
plasmacytes, the nucleolus may be ill-defined or absent.” The 
N:C ratio in proplasmacytes is 4:1 to 3:1 (see Fig. |-49/) # 

Plasmablasts and proplasmacytes, although not obs¢"<" 
in normal bone marrow, are seen in diseases associated 
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FIGURE 1-44 Tissue basophil (arrow) 


abnormal immunoglobulin production, especially multiple 
myeloma.** 


Plasmacytes (Plasma Cells) 

Plasmacytes represent the end stage of antigen-activated 
B-lymphocytes in secondary lymphoid organs.*? They are 
not observed in the peripheral blood smears of normal indi- 
viduals but constitute about 1% of the nucleated cells in 
normal marrow.™ Mature plasmacytes range in size from 
10 to 20 ym. They may be round or oval, with slightly 
irregular margins. 

The cytoplasm is nongranular and usually stains a deep 
or vibrant blue. The cytoplasm adjacent to the nucleus is 
pale, with a perinuclear clear zone containing the Golgi 
apparatus, and at the cell periphery there are secretory vesi- 
cles.** Fibrillar structures that stain blue may be demonstra- 
ble in the cytoplasm. One or several small vacuoles may be 


observed. There is no evidence of phagocytosis of 
particles.’ 

The nucleus of a plasmacyte is relatively smal], round 
oval, and eccentrically placed in the cell. The nuclear aa 
matin is clumped or coarse and lumpy, similar to that ra 
lymphocyte (see Figs. 1-45/, 1-46, and 1-47). The N:c ,,... 
of a plasma cell is 1:1 to 1:2. 

Immune globulins manufactured by plasmacytes Pro- 
duce unusual morphological variants. The proteinaceoy, 
material that appears in the form of round globules ar. 
often red or pink, but may be blue or almost colorless, an, 
are called Russell bodies.** The morphological characte;. 
istics of the plasmacytic series are summarized and jl|ys. 
trated in Table 1-11. 


VISib|e 


C Tatig 


Megakaryocytopoiesis 

The megakaryocyte is the largest hematopoietic cell in the 
bone marrow and descends from the same multipotent stem 
cell as do the other blood cells. The mission of megakaryo- 
cytes is to proliferate and then fragment their cytoplasm into 
platelets, when needed, to maintain a normal number of plate- 
lets (150,000 to 400,000/uL). The maturation of the mega- 
karyocyte involves endomitosis, which is a process whereby 
the chromosome material reduplicates but the nucleus does 
not divide.** The result is a polyploid nucleus. Each nuclear 
reduplication causes a doubling of the nuclear material. The 
cytoplasm increases in amount and number of granules, but it 
does not divide. Megakaryoblasts are moderately sized cells 
in the range of 20 to 45 um with a single, round (or slightly 
oval), primitive nucleus; one or two nucleoli; and blunt pro- 
trusions that stain blue and may contain chromophobic glob- 
ules.** The scanty cytoplasm is nongranular and basophilic. 
The N:C ratio is 5:1 to 3:1 (Table 1-12).'* The megakaryo- 
cytic series is shown in Figure 1-48. 


F. Proplasmacyte. G. Lymphocyte with clumped chromatin. H. Monocyte. I, Plasmacyte. (From Diggs LW, et al. The Morphology of Human Blood Ce''s 
ed 5. Abbott Park, IL: Abbott Laboratories; 1985, pp 1-18, 25-27, with permission.) 
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TABLE 1-9 Morphological Characteristics of the Monocytic Series 


Name 
Monoblast 


% in BM 


Cell size, pm 


N:C Ratio 
7:1-4:1 


Nuclear Shape 


Round, oval, or 
slightly folded 


Nuclear 
Position 


Eccentric 


Nuclear Color/ 
Chromatin 


Pale red-purple, 
fine, thready 
chromatin 


Nucleoli 


Color/Amount of 
Cytoplasm 


Basophilic/moderate 


None 


Promonocyte 


4:1-2:1 


Round with chro- 
Matin creases 

or cerebriform 
folding, more 
distinct 


Pale red-purple, 
reticular pattern 


Paler gray basophilic/ 
abundant with “bleb- 
like” pseudopodia at 
border 


May/may not 
contain fine, red, 
ductlike particles 


Mature monocyte 


Macrophage 


1:1-2:1 


Increased folding 
or elongated 


Central 


Blue-purple, 
finer reticular 
pattern than 
immature forms 


Pale gray-blue/ 
abundant “bleblike” 
pseudopodia 


Numerous fine, 
pale red, dustlike 
particles through- 
out cytoplasm 


1:2 or 1:3 


Round or 
reniform 


Eccentric 


Clumped 
chromatin 


Abundant with vacuoles 


Numerous azuro- 
philic granules 


sisajodo, eWay} :$]}2D POo|g UeUIN} yo UONeMeW PUR ABO}OUdJoW | Y3Ld WH 


St 


0 
introduction to clinical Hemate ay 


"ART 1 
_ Color/ 
Morphological Characterist i tan 
TABLE 1-10 Nuclear Nuclear color/ rect Etoplasm ig 
La . Chromatin ee 
Hi size, ne aioe chromatin os 
: = 7 = ae Ti tiated 1-2 Clear 
= ran d Eccentric Undifferen' basophilic 
Name_ een ee ae Round cen ano! bo 
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chromatin 2 ZS 
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i d, 0-1 
1-31 — Round or Eccentric Condense Facophiie 
our @ ai ar dented with clumped cant 
“ee : 4 scanty blue- purple 
cytoplasm chromatin 
tooneside with red- 
orround purple ; 
parachromatin 
0 is i Usually 
i None Light y 
7-15 4:1-2:1 Roundor Eccentric Me i id aaa : 
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voy ' as A ae moderate granules 
cytoplasm chromatin gn 
sdec occasiona 
side or 
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FIGURE 1-46 Center; Plasmacyte; upper right: Segmented neutrophil; 
lower left: Resting monocyte. 


Pathological alterations in megakaryoblasts are observed 

in several neoplastic diseases. The presence of micromega- 
karyoblasts is typical of acute megakaryocytic leukemia (see 
Chap. 17). Micromegakaryoblasts are small and difficult to 
distinguish from myeloblasts, but cytoplasmic blebs or bud- 
ding (suggesting early platelet formation) helps to identify 
micromegakaryoblasts,** 
; As the megakaryoblast matures into a promegakaryocyte, it 
increases both the amount of nuclear material and the amount 
of cytoplasm itself (N:C ratio is 3:1 to 1:1)25 

A promegakaryocyte not only increases the 


: size of 
the nucleus but also becomes lobulated, with e: 


ach lobe 


FIGURE 1-47 Plasmacyte. 


having a 2n complement of DNA. The size of the prom¢ 


karyocyte ranges from 20 to 80 um.® Reddish grat 
appear in the enlarging bluish cytoplasm. Electron 1 
graphs reveal that demarcation membranes are begint 
develop as invaginations from the plasma membrane 
megakaryocyte. The demarcation membrane syster 
lishes an outer limit of each platelet, which is rele 
a cytoplasmic fragment’’ (see Fig. 1-48). As endc 
and DNA synthesis cease and maximum nuclear 
(ploidy) is attained, the megakaryocyte has inc 
volume with an abundant amount of pinkish cyt 

a multilobulated nucleus (Figs. 1-49 through 


TABLE 1-11 Morphological 


Cell Size, 
Name Cell ym 
| Plasmablast ¥ 16 
Proplasmacyte 
~ i? 
Mature plasma a. 
cell 8} 
~ 
|__ — 


nuclei of megakaryocyte 
have irregular 
The size of the 
The majority ¢ 
classes (16n average e 
chromatin is line 

distribute: 
ent. The dem t i 


lumen open 
define platele 
stage of deve 
phological 
shown in Ta 
After m 
membrane 
fragments 
naked nuc 
macrophag 


Some 
marrow 
through th 
lial cells 
sinus. Me 
into the bl 
Further fr 
after relea 
several the 

In marrovy 
imately | 


these cells a 


Cell Size, 
um NC Ratio 


16-25 5:1-4:1 


Nuclear 
Shape 


Round 


11 Morphological Characteristics of the Plasmacytic Series 


Nuclear color/ 
Chromatin 


Nuclear 
Position 


Central Pale red- Pale blue/ None 
purple, fine scanty to 
stippled moderate 
chromatin frequent 
perinuclear 
clear zone 
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Cytoplasmic 


of megakaryocytes are connected by a nuclear strand, 
regular nuclear shapes, and may be superimposed. 
size of the megakaryocyte ranges from 30 to 100 ym.*° 
majority of the cells are of the 8, 16n, and 32 ploidy 
_(16n average ploidy represents eight lobes). The 
n is linear and coarse. Numerous small, uniformly 
ed, dense granules that stain reddish-blue are pres- 
fhe demarcation membrane system is uniform and its 
“open; the cytoplasm is divided into partitions that 
fine platelet limits. The N:C ratio at the megakaryocyte 
! of development ranges from 1:1 to 1:2.°* The mor- 
gical characteristics of the megakaryocytic series are 
in Table 1-12. 
er maturation is completed, the megakaryocyte 
ane ruptures, the entire megakaryocyte cytoplasm 
nts, and thrombopoiesis occurs.** The polyploid 
nucleus (Fig. 1-54) is soon to be engulfed by a 
ge. 
mature megakaryocytes are located adjacent to 
‘sinuses and extend portions of their cytoplasm 
h the basement membrane and between endothe- 
the marrow sinusoids to put platelets into the 
nbrane-bound platelets are released and swept 
bloodstream from these cytoplasmic projections. 
agmentation to form individual platelets occurs 
into the sinus. One megakaryocyte can release 
and platelets.*” 
smears of norma! individuals, there are approx- 
4 megakaryocytes per 100 nucleated cells, and 
e in the late stage of maturation.** See Table 1-12 


Eccentric  Red-purple, Dark blue/ None 
or oval increased moderate 
granularity of 
chromatin 
Round Usually Blue-purple, Dark blue/ None 
oroval eccentric dense chroma- moderate 
tin with large cytoplasm 
clumps near with 
nuclear margin perinuclear 
clear zone, 
may contain 
vacuoles 


for the morphological characteristics of the megakaryocytic 
series. 


Bone-Derived Cells 


The formation of the bone marrow cavity results from a 
complex process in which hematopoietic cells migrate and 
colonize spaces originally occupied by cartilage and bone. 
This process occurs both in the long bones of the limbs and 
the membranous bones of the skull, which develop directly 
into bone.™ There are three major cell types in bone; osteo- 
blasts, osteoclasts, and osteocytes. These cells form and main- 
tain bone and secrete metabolic factors. Studies have shown 
that bone formation and hematopoiesis are closely linked, in 
that the degree of hematopoiesis correlates with the rate of 
bone turnover,**? The osteoblast and the osteoclast are cells 
that exhibit different functions yet play essential roles in the 
formation of the bone cavity.” 


Osteoblasts 

An osteoblast is a large cell that can measure up to 30 um, 
with ample cytoplasm and a small, round, eccentrically placed 
nucleus." These cells may be traumatized in the process of 
marrow aspiration and smearing, and often have irregu- 
lar shapes and cytoplasmic streamers. The nuclear chroma- 
tin strands and nuclear margins are well defined and stain 
purple-red (Fig. 1—S5). 

Throughout the blue cytoplasm, there are small spherical 
bodies that are colorless and give a bubbly appearance to the 
cytoplasm. Within the cytoplasm, there is a prominent round 
or oval chromophobie zone that stains lighter than the rest of 


TABLE 1-12 Morphological Characteristics of the Megakaryocytic Series 


Megakaryoblast 


karyocyte 


Megakaryocyte 


Late Promega- 


Cell size, 
pm 


20-80 


N:C Ratio 
$:1-3:1 


3:1-1:1 


Nuclear Shape 


Usually single 
round, oval, 
indented or 
kidney-shaped 


Nuclear 
Position 


Central or 
eccentric 


Usually single 
round, oval 
indented or 
kidney-shaped 


Central or 
eccentric 


Nuclear color/ 
Chromatin 


Red-purple 
chromatin with 
distinct 
chromatin 


Nucleoli 


Color/Amount of 
Cytoplasm 
Basophilic, 
pseudopodia 
frequent/scanty 


Cytoplasmic 
Granules 


Nongranular 


Red-purple 


increased granu- 
larity of nuclear 
chromatin 


0-1, usually 


less then mega- 


karyoblast 


Basophilic/ 
abundant with 
pseudopodia 


ig 


30-100 


1:1-1:2 


Lobulated (2 or 


more lobes) 


Central 


Blue-purple, 
granular 


None 


Pale blue 
with pink cast/ 
abundant 


Fine azurophilic 
granules 


Numerous fine 
azurophilic 
granules 


(platelets 


n/a = Not applicable. 


Light blue, 
fragment of 
megakaryocyte 
cytoplasm 


Reddish-blue, 
fine, evenly 
dispersed 


LLuvd 
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FIGURE 1-48 Megakaryocytic system. A. Megakaryoblast with single oval nucleus, nucleoli, and bluish foamy marginal cytoplasmic structures. 

B. Promegakaryocyte with two nuclei, granular blue cytoplasm, and marginal bubbly cytoplasmic structures. C. Megakaryocyte with granular cytoplasm 
and wi thout discrete thrombocytes (platelets). D. Megakaryocyte with multiple nuclei and with thrombocytes (platelets). E. Megakaryocyte nucleus 

with at ed thrombocytes. F. Thrombocytes (platelets). (From Diggs, LW, et al: The Morphology of Human Blood Cells, ed. 5, 1985, pp 33-34, 48-50, 85. 
aboratories, Abbott Park, IL, with permission.) 


FIGURE 1-50 Center: Early megakaryocyte. 


oF 
YRE 1-49 Center: Early megakaryocyte. 


er 
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i, 
FIGURE 1-54 Naked nuclei, megakaryocyte. 


"OR ee eee 


FIGURE 1-52 Megakaryocytes tend to be in small groups with multi- FIGURE 1-55 Three osteoblasts. 

lobulated single nuclei. Mature megakaryocytes have numerous fine 

cytoplasmic granules, and occasionally platelet units can be seen at their 

periphery (magnification 640). the cytoplasm. This area is usually away from the nucleus but 


may be adjacent to it. 


> ADVANCED CONTENT 


Osteoblasts, more often seen in marrow from young children, 
are responsible for the formation, calcification, and mainte- 
nance of trabeculae and cancellous bone. Osteoblasts origi- 
nate from mesenchymal progenitor cells and produce bone 
| matrix proteins, which contribute to the structure of the bone 
i and stromal matrix.” A matrix protein that regulates bone min- 
1 eralization, now referred to as an osteoblast-derived factor, '> 
osteocalcin.*' Osteocalcin has been suggested to be an osteo 
blast-derived endocrine hormone that regulates multiple (" 

get organs.‘! Bone is now considered an endocrine organ (' 

secretes a growing number of hormones.” 

Osteoblasts have irregular shapes, eccentric nuclei, ©)” 

; plasmic protrusions, blue cytoplasmic fibrils, and vacuoles 
SLB 1-53. Mecekaryocye with platelets The chromophobic zone of the osteoblast is often sepa!" 
from the nuclear margin and, when adjacent to the nucleus 
does not surround or enclose the nucleus. b 
Osteoblasts that occur in clusters or aggregates may ¥ 
misinterpreted as malignant cells (Fig. |~56). Malign® 
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q “FIGURE 1-56 Group of osteoblasts (center) aspirated from the marrow 
i child (magnification x 400). 


in a cluster are crowded and distorted, with indistinct 
gins, rendering it impossible to identify individual cells. 
ividual osteoblasts in a cluster can usually be identified, 
e size, shape. structure, and color of malignant cells are 
iriable, whereas osteoblasts are more orderly and uniform. 
mophobic areas in the cytoplasm of osteoblasts are sel- 
m demonstrable in malignant cells. 

“The osteocyte is a bone matrix-embedded cell that reg- 
tes bone homeostasis. Two very powerful proteins are 
eied by the osteocyte: sclerostin, which inhibits bone 
tion, and a receptor-activator of a cytokine (RANKL), 

ich is required for the formation of osteoclasts. 


Recent studies report another function of the osteocytes, in 
which they secrete factors that control hematopoiesis and the 
hematopoietic stem and progenitor cells (HSPC) niche. How- 
ever, the exact mechanism is not completely understood.* 


Osteoclasts 
Osteoclasts are giant (greater than 100 jm), multinucleated, 
imegularly shaped marrow phagocytes that are capable of 
feabsorption of bone and are derived from the monocyte-mac- 
fophage hematopoietic cell lineage.’ Osteoclasts have from 
2 to 50 nuclei, which are separate, usually round or oval, 
uniform in size, and haphazardly distributed within the cyto- 
plasm*® (Fig. 1-57). The abundant cytoplasm with ragged 
Margins is bluish, with numerous reddish lysosomal granules 
Containing acid phosphatase.*° 
Osieoclasts are large with granular cytoplasm, irregular 
Shapes, and multiple nuclei. The nuclei of osteoclasts are sep- 
“@fated, uniform in size, and have no visible connections to 
‘Sach other (see Figs. 1-57 and 1—58).*° 
Steoclasts secrete enzymes that aid in dissolution of oste- 
ue and calcified bone.** These cells are involved in the 
dation (or reabsorption) of bone, which is essential for 
mation of the bone marrow cavity and bone remodel- 
steoclasts adhere to the bone matrix and secrete lytic 
@s that degrade it. Osteoclast proliferation and sur- 
‘al of their precursors depend on the cytokine, macrophage 
ony-stimulating factor (M-CSF). The morphological 


FIGURE 1-57 The osteoclast is usually seen as a single giant cell with 
multiple and separated nuclei and basophilic granular cytoplasm (center) 
(magnification x640). 


OSTEOCLAST 


MEGAKARYOCYTE 


FIGURE 1-58 Osteoclast versus a megakaryocyte. 


characteristics of the osteoblasts and osteoclasts are illustrated 
and compared in Table 1-13. 

The morphological characteristics of the multinucleated 
osteoclasts and the multilobulated megakaryocytes are some- 
times difficult to distinguish and are illustrated and compared 
in Table 1-14. 


Cell Line Ontogeny (Evolution) 


Multipotent Stem Cells—Colony-Forming Units 
(CFUs) (Hematopoietic Stem Cell) 
As described earlier, all blood cells come from an unrecog- 
nizable pluripotent stem cell. The pluripotent stem cell has the 
capacity for continuous self-replication and differentiation into a 
multipotent progenitor stem cell (MPP)* The MPP becomes 
committed to support progenitor cells for myelopoiesis, erythro- 
poiesis, monopoiesis, megakaryopoiesis, and lymphopoiesis.*® 
The multipotential stem cell was shown to exist in a classic 
experiment in 1961 by Till and McCullock, who irradiated 
mice to empty the hematopoietic organs and then injected a 
suspension of marrow cells intravenously. About a week later, 
nodules of injected marrow could be observed on the cut 
surface of the spleen colonies. All cell lines found in normal 
marrow were generated from the multipotential stem cells 
in the marrow suspension, The multipotential stem cell 
giving rise to several cell lines was called the colony- 
forming unit— ~granulocyte-erythrocyte-monocyte-macrophage- 
megakaryocyte (CFU-GEMM).*’ The CFU-GEMM_ in a 
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TABLE 1-13 Morphological Characteristics of Osteoblasts and Osteoclasts 


Shape 


Osteoblast Up to Round, eccen- Present Chromophobic Resemble 
30 tric, uninuclear area, usually Plasmacyte 
away from 4 
nucleus 
>100 Multinucleated, Present Bluish, reddish May be 
uniform size lysosomal gran- confused with 
ules, cytoplasmic megakaryo 


protrusions cytes 


TABLE 1-14 Morphological Characteristics of Osteoclasts and Megakaryocytes 
Shape 


>100 Irregular Granular 


Cytoplasm —Nuclei 


Multiple, uniform in size, unconnected by 
nuclear strands 


- 
30-100 Irregular Granular Multilobed, connected by nuclear strands, 
not uniform in size 


Megakaryocyte 


colony assay forms a series of progenitor cells (CFU-GM, The common lymphoid progenitor stem cell is also deris°: 
CFU-Eo, CFU-Bas, CFU-Meg, BFU-E, CFU-E) under from the MPP. The common lymphoid progenitor stem ¢* 
appropriate growth conditions. Box 1-2 lists relevant has the potential to differentiate into progenitors for T. B. 


abbreviations and acronyms. CFU-GM makes colo- NK lymphocytes.* T cells participate in immune functio’ 5 
nies of granulocytes and monocytes and/or macrophages __ of a cellular nature, either directly cytotoxic, or by he!p'"- 
(Fig. 1-59). CFU-Eo forms colonies of eosinophils. CFU- _ or suppressing immune activities through interaction ad 
Bas makes early basophils and mast cells. CFU-Meg forms other immunocompetent cells. B cells differentiate into BY 
megakaryocyte colonies. There are two colonies of eryth- _macytes, which secrete specific immunoglobulins impo" 


roid progenitor cells: the early burst-forming unit-erythroid _in the host’s defense against infection. Another pore = 
(BFU-E) (Fig. 1-60) and the more mature colony-forming — of lymphocytes, called natural killer (NK) cells, hav© S. 
unit-erythroid (CFU-E).” of the characteristics of either the T or the B cells. NS“ 


Relevant Abbreviations and Acronyms 


antigen-presenting cells 

burst forming unit-erythrocyte 

bone marrow 

clusters of differentiation 
colony-forming units 

colony-forming unit-basophil 
colony-forming unit-erythrocyte 
colony-forming unit-eosinophil 
colony-forming unit-granulocyte, erythrocyte, 
monocyte-macrophage, megakaryocyte 
colony-forming unit-granulocyte, monocyte- 
macrophage 

colony-forming unit-megakaryocyte 
common myeloid progenitor 
colony-stimulating factor 
hematopoietic progenitor cell 
hematopoietic stem cell 

hematopoietic stem and progenitor cells 
interleukin 

long-term HSC 

short-term HSC 

monoclonal antibody 

macrophage colony-stimulating factor 
major basic protein 
megakaryocyte-erythroid progenitor 
multipotent stem cell 

multipotent progenitor stem cell 
mononuclear phagocyte system 
nuclear-to-cytoplasm ratio 

natural killer 

recombinant human erythropoietin 
recombinant human granulocyte CSF 
stem cell factor 

transcription factor 

transforming growth factor 
thrombopoietin 


FIGURE 1-59 CFU-GM at 14 days (50 magnific 
Unit that makes colonies of granulocytes, monocytes, and/or macro- 
Phages under appropriate growth conditions. 
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ation). Colony-forming 
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FIGURE 1-60 BFU-E at 18 days (X75 magnification). Early burst-forming 
unit, an erythroid progenitor committed to making colonies of 
erythroid cells. 


are innate lymphocytes that play a major role in host defense 
and immune-surveillance.”? The NK lymphocytes may inter- 
act with antibodies to cause destruction of antibody-coated 
targets or lyse target cells through direct cytotoxic activity.” 
B-cell lymphopoiesis is completed in the bone marrow, and 
T-cell lymphopoiesis occurs in the thymus. NK lymphopoiesis 
is still being debated but is thought to occur primarily in the 
bone marrow niche.” 

The different types of lymphocytes and their functions are 
listed in Table 1-15. 


Colony-Stimulating Factors and Interleukins 

Each cell line is dependent on cytokines, which are soluble 
mediators secreted by cells for the purpose of cell-to-cell 
communication. Cytokines are secreted glycoproteins that 
act as intercellular messengers, inducing proliferation, dif- 
ferentiation, growth, or apoptosis (cell death) of their target 
cells.'° More than 50 cytokines orchestrate hematopoiesis, 
induce inflammation, and control the immune response. As 
described earlier, prominent cytokines involved in hemato- 
poiesis include interleukins (ILs), colony-stimulating fac- 
tors (CSFs), interferons, EPO, and thrombopoietin (TPO). 
The different cell types and the cytokines they produce are 
listed in Table 1-16. The characteristics of cytokines are 
listed in Box 1-3, 


TABLE 1-15 Functions of Lymphocytes 


Cell-mediated immunity 


Humoral immunity 


Direct cytotoxic activity and 
antibody-dependent 
cell-mediated lysis 


Cell Types 


GM-CSF, G-CSF, M-CSF, IL1, IL-6, 
TNF-a, OXCL12 


SCF, CXCL12, G-CSF, GM-CSF 


GM-CSF, G-CSF, M-CSF, IL1, IL-3, IL-6, 
EPO, SCF, M-CSF, TNF-a 


GM-CSF, IL-2, IL-3, IL-4, IL-5, IFN-g, 


TNF-a 

GM-CSF, G-CSF, M-CSF, IL-6, SCF 
GM-CSF, TNF-a 

IL-6, GM-CSF, 1L7 

G-CSF, GM-CSF 

GM-CSF, M-CSF, IL-2, IL-5, IL-6 


GM-CSF, G-CSF, M-CSF IL-6, IL-3, SCF, 
1-11 


EPO, TPO (hepatocyte) 


i. = Interleukin; GM-CSF = granulocyte macrophage colony-stimulating factor; 
G-CSF = granulocyte colony-stimulating factor; M-CSF = macrophage colony- 
Stimulating factor, TNF = tumor necrosis factor, CXCL = chemokine ligand; EPO = 
erythropoietin, SCF = stem cell factor; IFN = interferon; TPO = thrombopoietin. 


-3 Cytokine Characteristics 


* Glycoproteins 
* Produced by many cell types 
* Usually act on multiple cell lineages 
* Interact synergistically with one another 
* Activate receptors at very low concentrations 
* Usually act on the neoplastic counterpart of normal 
target cells 
* Usually act throughout the maturation hierarchy from stem 
cell to the terminally differentiated cell 
—SSSsSsSsss | 


Cytokines act on multipotent stem cells to stimulate their 
proliferation and differentiation to committed cell lines 
(Fig. 1-61). Cytokines are necessary for a cell to develop 
from a multipotent stem cell to a progenitor stem cell to a 
myeloblast, monoblast, erythroblast, lymphoblast, or mega- 
karyoblast.” Some of the cytokines involved in hemato- 
poietic blood cell development are outlined in Table 1-17, 
with their sources, target cells that they stimulate, and major 
functions.*'*°? 

CSFs and interleukins regulate blood cell development 
by mediating proliferation, differentiation, and maturation of 
hematopoietic progenitor cells. Box 1-4 lists the six groups of 
contrasting cytokines.’ 


Trends in Therapeutic Manipulatioy, 
of Hematopoiesis 


Recombinant Cytokines 
Many growth factors have been isolated, bioche 
characterized, purified, genetically cloned, anq p 
through recombinant DNA technology. Many growth facto 
including G-CSF, GM-CSF, Epo, and the interleukins ;. 
been used for clinical application.***’ In vivo, the Tegulatio, 
of hematopoiesis is under the control of cytokine Produc. 
tion in the basal state, maintaining normal blood counts, ang 
during the antigen stimulus state, eliciting cytokine stip, 
uli above the basal state to combat infection. CSFs have 
been used to strengthen patients with cancer and acquire 
immunodeficiency syndrome (AIDS), and to guard agains, 
infection in bone marrow transplantation recipients.‘ 
These factors have also been used to treat patients with ane. 
mia caused by either surgery or kidney failure.*” The bloo« 
counts of autologous donors can be raised for donation 
before surgical procedures. Interleukins are used clinically 
for wound healing, activating lymphocytes, and assisting in 
the growth of transplanted or damaged bone marrow.” 


Mical}y 
TOduce, 


CRITICAL THINKING QUESTION 

1-3 Why does treatment with colony-stimulating factors 
(CSFs) work for patients with cancer, immunodeficiency 
syndromes, or anemia? 


[> ADVANCED CONTENT 


Clinical Trials of Recombinant Cytokines 
Clinical trials of recombinant cytokines using biological sub- 
stances similar to those in the human body have provided 
new opportunities for evaluating their clinical usefulness in 
the treatment of hematologic and oncologic disorders.**? 
Investigations have shown that recombinant human granu- 
locyte CSF (rHuG-CSF) accelerates recovery from neutro- 
penia induced by myelotoxic chemotherapy for different 
types of carcinoma.*! This recombinant CSF has bec! 
given to patients receiving myelosuppressive chemotherap) 
and undergoing autologous bone marrow transplantation | 
__ accelerate the rate of neutrophil recovery. Clinical trials ai 
__ being conducted to determine whether rHuG-CSF is effecti\ 
__ in correcting severe neutropenia in hematopoietic maligna” 
cies, such as hairy-cell leukemia, and also in nonneop!as!'. 
hematopoietic diseases, such as aplastic anemia and cy¢!- 
| neutropenia. 

Among patients with chronic anemia, treatment ¥"' 
recombinant human erythropoietin (rHuEPO) has incre2s** 
: RBC production and alleviated anemia in the major!) * 

patients.” The rise in hematocrit is dose-dependent and | 
proportion to the increase in RBC mass.® Clinica! '"" 
using other synthesized cytokines are currently in proe 
| to determine activity in controlling hematopoics!> Each 
factor needs to be purified and its function dete” 
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94-197, 


interactions between hematopoietic growth fac- 
marrow microenvironment can be completely 


Of Differentiation Nomenclature 

al antibody (mAb) technology and the development 
commercial sources under a variety of trade names 
lations led to the development of a standardized 
for human leukocyte differentiation antigens 
‘Clusters of Differentiation (CD) nomenclature. 
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FIGURE 1-61 Abbreviated regulation of hematopoiesis by cytokines (not a comprehensive list of cytokines) with commonly known CD surface markers 

- listed (not a complete list). There are two types of haemopoietic stem cells (HSC) reported in the bone marrow microvasculature; Long Term HSC (LT-HSC) 

Short Term HSC (ST-HSC). The pluripotent HSCs differentiate into a multipotent progenitor stem cell (MPP) which differentiates into acommon 

d progenitor (CMP) and a common lymphoid progenitor (CLP). In the presence of hematopoietic cytokines and specific transcription factors, these 

itors differentiate and are committed to a single or bilineage progenitor that terminally differentiate into the mature blood cells. The CMP can 

ate into a megakaryocyte-erythroid progenitor (MEP) or a granulocyte monocyte progenitor (GMP). The MEP differentiates into the erythroid 
(Ep) and megakaryocyte progenitor (Mp). The GMP differentiates to the granulocyte progenitor (Gp) and monocyte progenitor (Mop). The CLP 

tiates into B lymphocyte progenitor (pro B or Bp), T lymphocyte progenitor (ProT or Tp), NK lymphocyte Progenitor (Pro NK or NKp), and dendritic 
DC oF DCp). HSCq = Long-term HSC (LT-HSC); HSCa = Short-term HSC (ST-HSC); IL = interleukin; EPO = erythropoietin; G-CSF = granulocyte col- 

mulating factor; M-CSF = macrophage-colony-stimulating factor; GM-CSF = granulocyte macrophage colony-stimulating factor; TPO = thrombo- 

SCF = stem cell factor; Retics = reticulocytes; Neutros = neutrophils; Eos = eosinophils; Basos = basophils; T = tlymphocytes; 8 = b-lymphocytes; 

al killer lymphocyte. Adapted from Patel A, Radia D. Haemopoiesis and the formation of blood cells. Elsevier Ltd. Clinical Sciences. Medicine. 


CD nomenclature is fundamentally utilized by the World 
Health Organization and the scientific community at large. © 
It provides a unified designation system for mAbs and the cell 
surface molecules that they recognize on leukocytes. CD mol- 
ecules are commonly used as cell markers, allowing for the 
identification and isolation of leukocyte populations, subsets, 
and differentiation stages.® This nomenclature was determined 
by a series of international workshops on human leukocyte 
differentiation antigens (HLDA) by evaluating monoclonal 
antibodies produced in many laboratories with similar reac- 
tive patterns with tissue, cells, or molecules and compared.® 
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TABLE 1-17 Cytokines Involved in Hematopoietic Blood Cell Development 


Growth Factors Synonym Source Target Cells Stimulated Major Function 
Epo Erythropoietin Kidney, liver Erythroid progenitors Stimulates formation of 
erythrocytes 
G-CSF Granulocyte colony-stimulating Macrophages, endothelial Stem cells, neutrophil Stimulates granulocyte pro. 
factor (CSF 3) cells, fibroblasts precursors Guction, mobilizes stem cei 
GM-CSF Granulocyte-macrophage- Tlymphocytes, macro- Progenitors for neu- Multilineage hematopoietic 
colony-stimulating factor (CSF2) phages, endothelial cells, __ trophils, eosinophils, growth factor, especially 
fibroblasts monocytes monocytes, neutrophils, 
eosinophils, and basophils 
M-CSF Monocyte- macrophage CSF Endothelial cells, Mononuclear phagocytes Stimulates macrophage 
(CSF-1) fibroblasts, B cells, colony formation 
monocytes-macrophages, 
= stromal cells f 
SCF Stem cell factor, (c-kit ligand) Fibroblasts Stem cells HSC maintenance 
ee MSC 
EPO Erythropoietin Stimulates formation of 
erythrocytes 
TPO Thrombopoietin Hepatocyte Stem Cells Stimulates formation of 
megakaryocytes/platelets 
interleukins 
IL-1 Hematopoietic-1; response Macrophages, neutro- Mononuclear phagocytes _ Not directly involved in 
: modulator phils, endothelial cells, progenitor cells blood cell development but 
: epithelial cells functions in the inflammatory 
: response 
: IL-2 T-cell growth factor T lymphocytes, T cells, B cells Immune response, T-cell 
macrophages differentiation 
IL-3 Multi-CSF T lymphocytes Precursors of neutrophils,  Multilineage hematopoietic 
platelets, monocytes, growth factor 
eosinophils, basophils, 
stem cells 
IL-4 it B-cell stimulatory factor | T lymphocytes B cells, mast cells, T cells T Helper cell are | 
LS B-cell growth factor II, eosino- T lymphocytes B cells, granulocytes, B-cell development, differ- 
phil differentiation factor monocytes, eosinophils entiation and function of 
myeloid cells; eosinophil 
activity 
lees Ieee : interferon f hybridoma growth _-T lymphocytes, Stem cells, Blymphocytes hematopoiesis, lymphoid 
factor macrophages differentiation 
LT — . Lymphopoletin-1 Stromal cells, osteoblasts  Pre-B lymphocytes and T-, B-cell growth factor 
T lymphocytes, early 
; granulocytes 
| IL-8 = Granulocyte chemotactic factor Monocytes, T cells, Neutrophils, T cells, Neutrophil chemotaxis 
fibroblasts basophils 2 Sa , 
1L9.—~—=«ST-cell growth factor Il Tells BFU-E, T cells, mast cells Stimulates. B. and NK cells 
“1L-10 "Cytokine synthesis inhibitory T cells, macrophages, B cells macrophage, Anti-inflammatory, inhibits 
factor B cells, T cells, mast cells macrophage activation 
ll = eee ~—- ee srs eee 
iL-11 Adipogenesis inhibitory factor Stromal, fibroblasts Megakaryocyte, B cells, Hematopoiesis (also involved 
mast cells in osteoblast differentiation) 
IL-12 7 NK cell stimulatory factor B cells, macrophages T cells, NK cells Stimulates T and NK cells 
1L-14 High molecular weight B-cell Tcells Activated B cells induces B-cell proliferation 


growth factor 


» 4 


pe 


17 Cy 


Source 


Macrophages, monocytes, 
dendritic cells, bone 
Marrow stromal cells, and 
various epithelial cells 
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tokines Involved in Hematopoietic Blood Cell Development—cont'd 


Target Cells Stimulated 
NK and T lymphocytes 


Major Function 


Stimulates T and NK cells 


Tand NK lymphocytes. ; 


Stimulates, T, B, and NK cells 


Lymphoid cells and 


= ann bos macrophages, x ¥ 
T lymphocytes Epithelial cells Not directly involved in blood 
cell development but functions 
in the inflammatory response 
= and cell-mediated immunity 
Interferon gamma T lymphocytes NK,TandBlymphocytes, Impaired HSC reconstitution 
epithelia cells, capacity 
ero ees Impaired HSC maintenance 
Tumor necrosis factor alpha T lymphocytes, NK Myeloid cells Myeloid differentiation 


phages 


Groups of Contrasting Cytokines 


ha and related molecules 


Signaling Through Tyrosine Kinase Receptor such as 


Signaling Through The JAK/STAT Pathway 

esents the largest group comprising hematopoietic 
{ie., EPO), immunomodulatory cytokines (i.e., IL-2), 
atory cytokines (i.e., IFNy). TNF = tumor necrosis fac- 
kin, TGF = transforming growth factor B, M-CSF = 
ge colony-stimulating factor (originally described as a 
ctor of the mononuclear phagocytic lineage) 


milar reacting antibodies were assigned to a “Clus- 
fentiation” and given a CD number for the antigen 
pts with. CD numbers with a lowercase “w” stands for 
hop” indicating a provisional cluster that may or may 
promoted to full CD status at subsequent workshops.” 

nation of new CDs requires submission to the work- 
ast two independent mAbs that recognize the same 
d present an identical pattern of reactivity." CD 
lature frequently uses a “+” symbol to indicate a CD 
esence, and a “-” Be bol attributed to absence, such 
*, CD4 *, CD8°. Now, more than 400 CD antigens have 

issified by these workshops.” The tenth HLDA work- 
held in Australia in 2014.% The CD antibodies that 
leukocyte antigens are widely used in research, 
tial diagnosis, monitoring, and treatment of disease. 
HLDA workshops are now conducted by the Human 


lymphocytes and macro- 


ing unit-erythroid; NK = natural killer lymphocyte; CXCL = chemokine ligand; HSC = hematopoietic stem cell; MSC = mesenchymal stem cells. 


Nucleated cells 


Cell Differentiation Molecules (HCDM) organization. The 
HCDM names and characterizes CD molecules. 

The current CD antigens for each cell lineage as determined 
by the HLDA Workshops can be found at www.hedm.org. 


> a ADVANCED CONTENT 


| Clinical Applications of Cell Surface Markers 
_ The use of monoclonal antibodies has been recognized as 
| an invaluable tool for the treatment of several malignancies 
i and autoimmune diseases. They are specific to cell sur- 
face markers (CDs) that allow phenotypic characterization 
_ of cells in disease states.‘' By using flow cytometry (see 
| Chap. 34), cells labeled with monoclonal antibodies are sorted 
and enumerated to identify a specific population of cells.®* 
Certain cell markers have been identified as being present 
_ on the cell surface in disease states such as the acute leuke- 
mias, autoimmune disease, and thromboembolic disease. Cell 
markers have also been identified in the management of renal, 
cardiac, and bone marrow transplantation. Although diagnosis 
of disease states is dependent on clinical presentation, cyto- 
chemistry, and examination of morphology, flow-cytometry 
characterization of cells has added another dimension to dis- 
ease classification. Monoclonal antibodies are used to char- 
acterize cells in the acute leukemias. Such markers allow for 
the differentiation of myeloblasts, lymphoblasts, monoblasts, 
megakaryoblasts, and erythroid ontogeny. 


CRITICAL THINKING QUESTION 


1-4 What is the importance of identifying cell surface markers? 
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SUMMARY CHART 


© Blood is composed of 55% plasma, the liquid portion, 
and 45% cells, the formed elements (RBCs, WBCs, 
and platelets). 


e The average blood volume in an adult is 4 to 6 L. 


e Plasma contains mainly water (91.5%), proteins (7%), 
other solutes (1.5%). 


e The plasma proteins are albumin, globulin, and 
fibrinogen. 


e Erythrocyte morphology is evaluated in the thin area of 
every stained smear where red cells are evenly distrib- 
uted, do not overlap, and are close together. 


e Platelets should be evaluated in the same thin area of 
every stained blood smear where red cells are de- 
scribed by counting the number of platelets in 10 or 
more oil immersion fields. The normal finding is 7 to 
15 platelets per oil-immersion field. 


e Blood smears should be well made and well stained 
to properly differentiate leukocytes, platelets, and 
erythrocytes. 

e Normal neutrophil segmented cells contain from two 
to five lobes (usually three) connected by a threadlike 


filament(s) and constitute 50% to 70% of mature neu- 
trophils in an adult. 


e Normal neutrophil band cells have a horseshoe-shaped 
nucleus without evidence of a filament and make up 
only 2% to 6% of the blood cells in an adult. 


e Normal eosinophil granules are large, round, and stain 
orange to reddish-orange; eosinophils are found in 0% 
to 4% of the blood cells in an adult. 


e The majority of lymphocytes on an adult blood 
smear are small, have a relatively round nucleus with 
clumped chromatin and a small amount of pale blue 
cytoplasm; lymphocytes comprise 20% to 44% of the 
blood cells in an adult. 


e Amonocyte is larger than the mature neutrophil; has 
abundant gray blue cytoplasm with fine, reddish or 
purplish, evenly distributed granules; and has a nucleus 
with folds or brainlike convolutions, and lacy, often 
delicate, chromatin. Monocytes comprise 2% to 9% of 
blood cells in an adult. 


e Large lymphocytes may reveal a few well defined 
purplish-red granules that can be easily counted, 
whereas numerous fine indistinct granules that cannot 
be enumerated are present in a monocyte. 


e Hematopoiesis is defined as the dynamic processes of 
production and development of the various blood and 
marrow cells. 


e Hematopoiesis begins in the mesoderm of the yolk sac 
and, after 2 months, migrates to the liver and spleen, 
where it remains until the seventh month, before 
finally shifting to the bone marrow, which becomes the 


major site of blood cell development in the fetus and 
after birth. 


Erythropoiesis identifies the entire process by which 
erythrocytes are produced in the marrow and develop 
from rubriblasts to diffusely basophilic cells and fj 
ly into a mature erythrocyte. 


Myelopoiesis refers to the production, proliferation, 
differentiation, division, storage, and delivery to the 
blood of neutrophils, eosinophils, basophils, and 
monopoiesis. 


nal- 


A rubriblast differs little from a myeloblast: both have 
around primitive nucleus, visible nucleoli, and chro- 
matin strands that are distinct and dispersed; however, 
the rubriblast is slightly larger than a myeloblast and 
has more cytoplasm, which stains a deeper blue. 


A metarubricyte is recognized by the solid, blue-black, 
degenerated nucleus with nonlinear clumped chromatin 
and cytoplasm that is predominately pinkish because of 
increasing hemoglobin synthesis; however, there may 
remain a minimal amount of bluish cytoplasm due to 
RNA. 


A promyelocyte has dark blue granules throughout the 
cytoplasm and sometimes lying over the nucleus, a 
large nucleus with slightly condensed chromatin, and 
often faintly visible nucleoli. 


A neutrophilic myelocyte is identified by a round or 
oval nucleus with condensed and unevenly stained 
chromatin strands and secondary pinkish-staining 
(neutrophilic) granules, 


A neutrophilic metamyelocyte has a bean-shaped 
nucleus with the indentation less than half the width 
of the arbitrary round nucleus, noticeable chromatin 
clumping, and cytoplasm filled with pinkish (neutro- 
philic) secondary granules. 


Lymphoblasts contain a large, round nucleus with thin, 
evenly stained, nonclumped chromatin strands; one or 
more nucleoli; and a small amount of blue cytoplasm. 


e Monoblasts are large and demonstrate a large nucleus 


(sometimes minimally indented), one or two prominent 
nucleoli, fine lacy nuclear chromatin, and nongranular 
often deep blue cytoplasm. 


Plasmacytes are characterized by an eccentrically 
placed, round, small nucleus with lumpy chromatin; 
nongranular deep or vibrant blue cytoplasm; peri- 
nuclear clear area; occasional vacuoles; and slightly 
irregular margins. 

The mature megakaryocyte, the largest of the hemato 
poietic cells (range is 30 to 100 um) in the bone mar 
row, has a multilobulated nucleus with coarse lines! 
chromatin and bluish cytoplasm, containing numerous 
small, dense, reddish-blue granules, which fragmen! '° 
form platelets. 
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F CASE STUDY 1-1 

esents to their physician feeling tircd and weak 

ected cause. Upon physical examination. they 

o be pale and have a lower than normal heart rate. 
vn. The RBC count, Hgb, and Het are all low. 


Result 


3.1 X 10"/L 
9.0 g/dL 
27% 


ONS 
‘is the patient's likely condition? 
lls might be observed on peripheral smear? 


CASE STUDY 1-2 


le is admitted to the hospital with high fever 
Upon admission, a blood culture and CBC is 
analysis. Gram stain reveals gram-positive bac- 


leukocyte would you expect to be increased in 
z results? 

puld you expect to see any changes in maturation 

| of the cell population? 


uld cause the presence of less mature cells, if 


REVIEW QUESTIONS 


hich organ is the primary site of hematopoiesis in the 
from the second month to the seventh month of 
ion? 
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3. If evaluated, which cytokine would likely be increased 
in this patient? 

ANSWERS 

1. Anemia is likely due to low RBCs present. ; 

2. In addition to lower numbers of RBCs, with anemia, an 
increased number of polychromatophilic cells (reticulo- 
cytes) are delivered early from the marrow to compen- 
sate for decreased in RBC concentration. 

3. With anemia, erythropoietin stimulates marrow eryth- 
roid precursors to proliferate and increase the number 
of early erythroid cells. 


ANSWERS 

1. Neutrophils are the body’s first line of defense against 
bacterial infections. 

2. It is likely that, due to an active infection, band neutro- 
phils would also be present. 

3. During an active infection, neutrophils can be in high 

demand as the immune system calls for their help in 

fighting bacteria. The bone marrow would be stimulated 

by cytokines to increase production of neutrophils, 

which could lead to less than fully mature segmented 

neutrophils being released into the bloodstream. 


. Which listing represents the proper cell sequence of 

erythropoiesis? 

a. Basophilic normoblast, pronormoblast, polychro- 
matophilic normoblast, orthochromatic normoblast, 
reticulocyte, erythrocyte 

b. Pronormoblast, basophilic normoblast, polychro- 
matophilic normoblast, orthochromatic normoblast, 
reticulocyte, erythrocyte 

c. Pronormoblast, basophilic normoblast, orthochro- 
matic normoblast, polychromatophilic normoblast, 
reticulocyte, erythrocyte 

d. Basophilic normoblast, pronormoblast, orthochro- 

matic normoblast, polychromatophilic normoblast, 

reticulocyte, erythrocyte 


Continued 
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3. What ts the best description of an orthochromic normo- 9, Which cell classification is described by the fo). ; 


tollast? lowing statements: second most numerous cel} jn 
a Small, bhoe-dlack pyknotic nucleus; no nucleoli: the blood; usually small and round; intensely biye 
pink cytoplasm cytoplasm; and nucleus with clumped dark purp|e 
&. Round necteus with visible nucleoli; indistinct and chromatin? 
dispersed chromatin; blue cytoplasm a. Monocyte 
¢. Coarse chromatin; ill-defined or absent nucleoli; b, Lymphocyte 
predominantly blue cytoplasm with pink tinge ec. Null cell 
@. Small nucteus; thick and condensed nuclear d. Plasmacyte 
Suan no nucleoli; mixture of pink and blue 10, What is the average blood volume? 
a Sto6L 
4. What is the sequence fior the maturation pools of gran- b. 4t06L 
ulocyte production? ce. 6to7L 
a Maturation, proliferation, storage, functional (or d. 3toSL 
y adie & ) 28 ti Deissttiniea) Cor 11, What percent of the blood volume represents the 
marginated) pool ener. ( formed elements? 
©. Storage, maturation, proliferation, functional {or .. ade 
marginated) pool . 
a. Functional (or marginated) pool, storage, prolifera- “) oe 
tion, maturation 3 
Which listi 12. Which of the following cells is the second most 
* listing te = Bene Penees Ott stig * numerous cell in the blood comprising from 20% to 
i rae evar 44% of the adult blood cells? 
a. Myeloblast, myelocyte, promyelocyte, metamyelo- 
cyte, band, segmented cell *, Lymphocyte 
b. Myeloblast, metamyelocyte, myelocyte, promyelo- e Hangs hil 
cyte, segmented cell, band Hey: ope 
c. Myeloblast, promyelocyte, myelocyte, metamyelo- — 
cyte, band, segmented cell 13, Which of the following describes a difference 
@. Myeloblast, band, promyelocyte, myelocyie, between a neutrophilic band and a neutrophilic seg- 
metamyelocyte, segmented cell mented cell? 
: : a. Band neutrophils h i les instead of 
6. Which granolocytic cell has a kidney-shaped nucleus Aa iy aaron PON ay SS eae 


with clumped chromatin and small, pink, secondary 


isa eae Seater; aaieriiuliat b. Band neutrophils lack a distinguishable filament x 
granules with a few primary dark ? 


between nuclear lobes. a 


a. Band c. Segmented neutrophils contain clear to pink cyto- 
b. Myelocyte plasm where band neutrophils do not. 
c. Promyelocyte d. Band neutrophils have a round or oval nucleus 
d. Metamyelocyte shape. 
9. Which granulocytic cell has large, abundant violet-blue 14, Large lymphocytes are often difficult to distinguish 
between which other leukocyte? 
a. Monocyte 
b. Neutrophil 
c. Osteoclast 
4. Eosinophil 


15, Which of the following characteristics can be MOS! 
helpful when distinguishing a cell as a myeloblast’ 
a, The cytoplasm is dark blue in appearance. 
b. The nuclear chromatin is smooth in compositio” 
¢, There are vacuoles in the cytoplasm. 
d. The nucleus can often contain 1 to 3 nucleo! 
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1. Neutrophil 
b. Osteoblast 
c. Plasmacyte 


d. 
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17. Which cytokine is responsible for stimulating the 
production of red blood cells? 


a. Thrombopoietin 
b. Erythropoietin 


c. IL-1 
d. IL-4 


See answers at the back of this book. 
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j { LEARNING OBJECTIVES 
tthe end of this chapter, the learner should be able to: 


Describe the trilaminar membrane structure of the red 

cell, including the lipid and protein makeup of 
layer. 

Explain the functionality of glycophorin and spectrin. 

plain the importance of red blood cell membrane 

ability and permeability. 

e the three processes required for normal hemo- 

in production. 

2-5 Evaluate normal adult hemoglobins and the globin 

chains found within each. 

be the primary function of hemoglobin. 

ine “shift to the right” in relation to the 

hemoglobin-oxygen dissociation curve. 


areas of red blood cell (RBC) structure and metabo- 

e crucial for normal erythrocyte survival and func- 
membrane, hemoglobin structure and function, 
lic pathways. Defects or problems associated with 
f these areas will result in impaired RBC survival. A 
‘orking knowledge of these areas of RBC physi- 
ensure basic understanding of the various complex 
e functions. This chapter will outline and describe 
so a deeper understanding of these important RBC 
be developed and applied to red blood cell pathol- 
ed in other chapters. 


‘Blood Cell Membrane 
BC membrane viewed by transmission electron micros- 
1) appears as a trilaminar structure consisting of a 


Abnormal Hemoglobins of Clinical 


Maintenance of Hemoglobin Function: 
Active Red Blood Cell Metabolic 


Summary Chart 
Case Study 2-1 
Review Questions 
References 


Erythrocyte Senescence and Hemolysis 
Extravascular Hemolysis 
Intravascular Hemolysis 


2-8 Define “shift to the left” in relation to the hemoglobin— 
oxygen dissociation curve. 

2-9 Identify abnormal hemoglobins and the conditions 
that can cause each. 


2-10 Name the functions of red blood cell survival that 
require energy. 


2-11 Name the most important metabolic pathways of the 
red blood cell. 


2-12 Explain the role and process of the reticuloendotheli- 
al system (RES) in red blood cell senescence. 


2-13 Contrast extravascular hemolysis with intravascular 
hemolysis. 


dark—light—dark band arrangement of layers (Fig. 2-1). These 
layers represent: 


1. An outer hydrophilic portion chemically composed of 
glycolipid, glycoprotein, and protein 

2. Acentral hydrophobic layer containing protein, choles- 
terol, and phospholipid 

3. An inner hydrophilic layer containing protein 


The RBC membrane is highly elastic, responds rapidly to 
applied stresses of fluid forces, and is capable of undergoing 
large membrane extensions without fragmentation.'? 

The RBC membrane represents a highly complex structure 
consisting of a semipermeable lipid bilayer supported by a 
meshlike cytoskeleton structure* (Fig. 2-2). The RBC mem- 
brane cytoskeleton is a network of proteins on the inner surface 
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membrane. 


of the plasma membrane that is responsible for strengthening 
the lipid bilayer and maintaining the shape, stability, deform- 
ability, and flexibility of the RBC.'* The fluid lipid matrix 
contains equal amounts of cholesterol and phospholipids with 
a mosaic of proteins interspersed throughout at various inter- 
vals.’ The proteins that extend from the outer surface and tra- 
verse the entire membrane to the inner cytoplasmic side of 
the RBC are termed integral membrane proteins. The other 
major class of RBC membrane proteins, called peripheral 


FIGURE 2-1 Transmission electron microscopy (TEM) of plasma 
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membrane proteins, is limited to the cytoplasmic 
the membrane, which is beneath the lipid bilayer an 
RBC cytoskeleton.’ Both the protein and the lipids are 9 

nized asymmetrically within the RBC membrane. The ee 
cal composition of the membrane mass is approxima tely ep 
lipids, 52% proteins, and 8% carbohydrates, ! @ 


SUTface Fy 
d forms v 


C 


Red Blood Cell Membrane Proteins 

In early studies, the RBC membrane proteins’ nomenclatyr. 
was based on their migration rate on sodium dodecy| Sulfate 
(SDS) gels and labeled, for example, as bands | through g 
Today, with the use of the high-performance mass Spectrome. 
ters and sophisticated data analysis methods (proteomics anal. 
ysis), the red cell membrane contains nearly 20 major Proteins 
and more than 2,000 minor proteins.* These proteins hay, 
been categorized on the basis of their subcellular localization, 
protein family they belong to, and their function.*° 


b> ADVANCED CONTENT 


Of the membrane proteins identified, the percentage divi- 
sion of each protein is listed in Table 2-1. Many proteins 
are associated with the outer layer of the RBC membrane 

_ through a posttranslationally added glycosyl phosphatidy- 
linositol (GPI) anchor.*’ It is known that this linkage can 
increase lateral mobility of proteins migrating to the cell 
surface and reinserting into the RBC membrane.’ It has been 
postulated that this linkage may also be involved in cell 

| signaling.” The membrane-associated, GPI-anchored, and 

cytoskeletal proteins are considered “peripheral” proteins. 

Proteins have also been recently categorized according to 

molecular function and biological process.° The majority of 

the proteins (34%) are involved in binding; others possess 


| = integral proteins . 
Spectrin P = peripheral proteins 
ankyrin-band 3 


Phospholipids auterastion 


Fatty acid 
chains 


Membrane 
surface 


Lipid 
__ bilayer 


. 3 Membrane 
£ _ bef ' i cytoskeleton 
)) spectrin dimer-dimer 
Rs T interaction are f 
° a ue : : p sighed 


FIGURE 2-2 Schematic illustration of red blood cell membrane depicting the composition and arrangement of red cell membrane proteins. GP-A = om 
glycophorin A; GP-B = glycophorin B; GP-C = glycophorin C. Numbers refer to pattern of migration of sodium dodecyl-polyacrylamide gel mee i 
with Coomassie brilliant blue. Relations of proteins to each other and to lipids are purely hypothetical positions of the proteins relative to the insi¢e 
outside of the lipid bilayer are accurate. (Note: Proteins are not drawn to scale and are omitted.) 
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E2-1 Subcellular Localization of Identified RBC 
Membrane Proteins 


Percentage of RBC Membrane 
Proteins 


I activity (29%), 14% are transporter proteins, 
-signal-transducer proteins, and 7% of the proteins 


es, and 11% in regulatory processes.* Regulatory 
sms in the RBC include regulation of cellular and 
siological processes as well as enzyme activities. Because 
differentiate and mature during development, not all 
are present in their active form.’ Degradation of 
occurs during certain stages of maturation. In addi- 


membrane are glycophorin, an integral membrane protein, 
nd spectrin, a peripheral membrane protein. Table 2-2 lists 
d integral and peripheral membrane proteins.°’ 

lycophorin is the principal RBC glycoprotein, repre- 
approximately 20% of the total membrane protein.° 
nolecule contains approximately 60% carbohydrate and 
nts for most of the membrane sialic acid, which gives 
es their negative charge. As a result, RBCs repel 
as they move through the circulation. Glycophorin, 
to other integral membrane proteins, spans the entire 
Of the lipid bilayer and appears on the external sur- 
the RBC membrane, accounting for the location of 
ny RBC antigens.*’ Most of these proteins carry RBC anti- 
are receptors (such as the glycophorins) or transport 
(such as the anion-exchange channel glycoprotein, 
The anion-exchange channel comprises approx- 
30% of the RBC membrane protein.‘ The plasma 
e envelope is anchored to the RBC cytoskeleton 
roteins through tethering sites of integral pro- 
d in the lipid bilayer.* The condensed fluid lipid 
tu integral proteins chemically isolates and regulates 
erior. The RBC cytoskeleton network of proteins 
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TABLE 2-2 Red Cell Membrane Integral and Peripheral 
Proteins 


Integral Proteins Peripheral Proteins 


Glycophorin A Spectrin i. aie 
Glycophorin B rh eee " Actin (band 5) 5) ¥£. 
Glycophorin C ar. Ankyrin (ba (band 2. 1) 22] 
Glycophorin D ae i Band 4. 1 and 42 bh: ote 
‘Anion exchange- channel (B (Band 3) Adducin 


provides rigid support and stability to the lipid bilayer and is 
responsible for the deformability properties of the RBC mem- 
brane. It is speculated that the anion-exchange channel and the 
glycophorins play a major role in anchoring the RBC mem- 
brane cytoskeleton to the lipid bilayer.*'° As a result, lateral 
mobility of these integral proteins within the lipid bilayer is 
relatively restricted.*° 

The major components of the red cell cytoskeleton include 
spectrin, ankyrin, actin, protein 4.1, and other cytoskeletal 
proteins.’ Spectrin is clearly the most abundant peripheral 
protein of the RBC membrane cytoskeleton, comprising 
approximately 25% to 30% of the total membrane protein and 
75% of the cytoskeleton.* 

Spectrin is a long flexible wormlike protein composed of 
a helix of two parallel polypeptide chains, an alpha (a) chain 
(molecular weight 240,000 d) and a beta (B) chain (molecu- 
lar weight 225,000 d).* These chains are oriented in opposite 
directions and are intertwined side to side to form heterodimers. 
These chains link together with other a chains to form (aB), 
tetramers.‘ Each chain contains multiple repeats, with specialized 
functional domains at the “head” end for spectrin dimer-tetramer 
association and ankyrin binding.* The domains at the “tail” end 
of spectrin are for binding to protein 4.1, protein 4.2, short fila- 
ments of actin, and other proteins.* On average, approximately 
six spectrins bind per actin filament, leading to a pseudohexago- 
nal arrangement.‘ These multiprotein complexes at the ankyrin- 
and actin-binding ends of spectrin attach to the overlying lipid 
bilayer through integral protein band 3. The spectrin complexes 
tie the RBC cytoskeleton network together, stabilizing it“ 

Spectrin is an important factor in RBC membrane integrity, 
because it binds with other peripheral proteins (actin, ankyrin, 
adducin, protein 4.1, protein 4.2) and other cytoskeletal proteins 
to form a skeletal network of microfilaments on the inner surface 
of the RBC membrane (see Fig. 2—2).* These microfilaments 
strengthen the membrane, protecting the cell from being broken 
by circulatory shear forces, and also control the biconcave shape 
and deformability of the cell.'° In addition, the cytoskeletal net- 
work provides stability to the lipid bilayer interface.*® 

The preservation of the spectrin complexes, and thus the integ- 
rity of the RBC membrane, requires phosphorylation of spectrin 
by a protein kinase present in the membrane, which is energy- 
dependent, being catalyzed by adenosine triphosphate (ATP).4° 

As mentioned earlier, the normal chemical composition, 
structural arrangement, and molecular interactions of the 
erythrocyte membrane are crucial to normal RBC survival. In 
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addition, they play a critical role in two important RBC charac- —_and, in turn, to a loss of membrane deformability, Riv 

teristics: deformability and permeability. Table 2-3 outlines char- mulation or increase in deposition of membrane calcium 4 

acteristics of some major components of the red cell membrane. _ results, causing an increase in membrane rigidity ang | " ” 
pliability."” These cells are at a marked disadvan...” 


nta 
Le they pass through the small (3- to 5-um diameter) sin a 
CRITICAL THINKING QUESTION dal orifices of the spleen, one of the functions of Pi 
2-1 What roles do the most important integral and peripheral extravascular sequestration and removal of aged, damage, 
RBC membrane proteins provide? or less deformable RBCs or fragments of their Membran. 
See answers to all Critical Thinking Questions at the back (Fig. 2-3). The loss of RBC membrane Is exemplified by be 
of this book. formation of spherocytes (Fig. 2-4), cells with a reduce, Str. 


face-to-volume ratio, and the so-called bite cells (Fig. 2_; Ti 
which the removal of a portion of membrane has left perms. 
Deformability nent indentation in the remaining cell membrane. The sup, ival 
Three properties of the RBC membrane are crucial for deform- time of these forms is also shortened. 
ability: cytoskeletal proteins, processes controlling intracellu- Shape change from the normal symmetric and resjjic,, 
lar ion and water handling, and membrane surface-to-volume discoid shape of the RBC can be stimulated by a variety ,; 
ratio."*"' RBC membrane deformability or flexibility is critical factors, which include both mechanically induced and chem. 
not only to RBC survival as the cell travels through the microvas- _ ically induced forces.'? Spectrin molecules exist in a folds: 
culature but also for its function of. oxygen delivery.'"'? Decreased conformation in the membrane of the nondeformed red ce! 
cellular deformability and red cell shape changes have been rec- During reversible membrane deformability, certain spectrin 
ognized as distinguishing features of a number of congenital or molecules become uncoiled and extended, whereas other; 
hereditary hemolytic anemias leading to decreased RBC survival | become more compressed and folded, resulting in a rear. 
in these disorders (see Chapters 9, 10, and 11).!%" rangement of the cytoskeletal network." This reversible RB( 
It has already been mentioned that a loss of ATP (energy) | membrane deformability results in a shape change while main. 
levels leads to a decrease in the phosphorylation of spectrin _ taining a constant surface area. The limit to reversible RB( 


TABLE 2-3 Characteristics of Important Red Cell Membrane Proteins 


Function 


Spectrin* 0.1-m heterodimeric filamentous “wormlike” protein Principal structural element of RBC membrane, which 
consisting of a 240-kD « chain and a 225-kD f chain plays a major role in the RBC cytoskeleton membrane 
Constitutes 25%-30% of the mass of membrane proteins _ organization 


Ankyrin® 206-kD globular protein composed of 1879 amino acids Attaches B-spectrin and the membrane skeleton to band 
3 and to protein 4.2 in the ankyrin-linked band 3 complex | 
Adducin* Heterodimer/tetramer of approximately 81 kD Caps the end of actin and recruits spectrin to nearby sites. 
on actin. Links actin junction to band 3. 
Band ait r Protein monomer of 66 kD Binds to both B-spectrin and actin and greatly strength- 


ens the spectrin-actin interaction. Links actin to the 
membrane via interactions with glycophorin and band 3. 
Competes with ankyrin for binding to band 3. 


Band 3 Major RBC transmembrane protein and major integral Anion-exchange channel forms membrane complexes 
protein that has two distinct domains: the transmem- with GPA, GPB, and other proteins that are linked to spec 
brane and cytoplasmic; Dimer or tetramer of 102 kD trin via ankyrin and protein 4.2, and linked to the actin 
comprising 15%-20% of the total membrane protein junctional complex via protein 4.1, protein 4.2, contains 


binding sites for several glycolytic enzymes; plays a role 
in recognition and removal of normal senescent RECs 


Ponce = Binds band 3 in the ankyrin-linked band 3 complex 
much of the red cell's negative surface charge attributed 
to GPA, GPB 


GPC, GPD GPC and GPO link actin junctional complex to the RBC 
membrane via interactions with protein 4.1 and band 3 


Thought to be a monomer of 78 kD Binds to band 3 and ankyrin in the ankyrin-linked b2° 
3 complex 


" Glycophorin (GP) 


*Denotes major components of the red cell cytoskeleton. 
Source: Data from Lux IV SE. Anatomy of the red cell membrane skeleton: unanswered questions, Blood, 2016 Jan14;127(2):187-199. 


FIGURE 2-3 Scanning electron micrograph (SEM) of red cells (3 to 6) 
squeezing through fenestrated wall in transit from splenic cords to sinus, 
Epithelial linings of sinus wall to which platelets (P) adhere, along with 
*hairy” white blood cells (W), probably macrophages, are shown. (From 
Weiss, LA scanning electron microscopic study of the spleen. Blood. 
1974;43:665, with permission.) 


FIGURE 2-4 Spherocytes. 


=— 
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membrane deformability occurs when applied forces break 
the protein-to-protein associations, necessitating an increase 
in surface area.‘ RBC membrane deformability is charac- 
terized as irreversible when red cells are exposed to forces 
great enough to require an increase in surface area, leading to 
membrane fragmentation and instability of the cytoskeleton 
network.!* 


Permeability 
The RBC membrane is freely permeable to water and anions; 
chloride (Cl) and bicarbonate (HCO,) traverse the mem- 
brane in less than a second. It is speculated that this massive 
exchange of bicarbonate and chloride ions occurs through a 
large number of anion-exchange channels formed by the inte- 
gral membrane proteins.'® In contrast, the RBC membrane is 
relatively impermeable to cations, with a half-time exchange 
of sodium (Na’*) and potassium (K”*) of more than 30 hours."* It 
is primarily through the control of the sodium and potassium 
intracellular concentrations that the RBC maintains its volume 
and water homeostasis. Normally, K* is found primarily inside 
the red cell, and Na* is found outside the RBC. The erythro- 
cyte intracellular-to-extracellular ratio for sodium is 1:12, and 
for potassium it is 25:1.'° The passive influx of sodium and 
potassium is controlled by as many as 300 cationic pumps that 
actively transport sodium out of the cell and potassium into 
the cell.'" The RBC ion leaks are balanced by two ATP-fueled 
pumps, the sodium and potassium pumps. Like other cationic 
pumps, these sodium—potassium pumps are energy-dependent, 
requiring ATP. The functional active transport of these partic- 
ular cations by these cationic pumps also requires the mem- 
brane enzyme sodium—potassium ATPase. Calcium (Ca**) is 
also actively pumped from the interior of the RBC and into 
the plasma through the energy-dependent calcium-ATPase 
cationic pump, which is called the plasma membrane cal- 
cium pump (PMCA).'° Calmodulin, a cytoplasmic calcium- 
binding protein that contains four high-affinity calcium 
binding sites, is speculated to control these calcium-ATPase 
pumps.'* When calcium—calmodulin complexes form, the 
calcium-ATPase pump is activated, preventing excessive 
intracellular calcium buildup, which is deleterious to the 
RBC, resulting in shape changes and loss of deformability.'® 
The permeability properties of the RBC membrane, as 
well as active cation transport, are crucial to the prevention 
of colloid osmotic hemolysis and controlling the volume of 
the RBC."* In addition, ATP-depleted cells allow the accumu- 
lation of excess intracellular calcium and sodium followed by 
potassium and water loss. This results in a dehydrated, rigid 
RBC that is subsequently sequestered by the spleen. Any 
abnormality that increases membrane permeability or alters 
cationic transport may lead to a decrease in RBC survival. In 
general, transport in RBCs is known to be diverse; it involves 
not only proteins, ions, and fluids but also carbohydrates, 
gases, and other substrates. '° 


CRITICAL THINKING QUESTIO 


2-2 Why is it important for the permeability of ions in and out 
of the RBC membrane to be regulated? 
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Red Blood Cell Membrane Lipids 

Phospholipids 

The erythrocyte membrane lipid consists of a bilayer of phos- 
pholipids interspersed with molecules of unesterified cholesterol 
that are present in nearly equimolar quantities.'’ Free fatty acids 
and glycolipids are present in small quantities.'* Two groups of 
phospholipids, choline phospholipids and amino phospholipids, 
are known to possess a distinct asymmetry within the bilayer 
matrix of the RBC. The asymmetry allows selective movement 
of molecules into and out of the cell membrane.'* 

Choline phospholipids, consisting of phosphatidylcholine 
and sphingomyelin, are located primarily on the outside half 
of the lipid bilayer, readily accessible to the external environ- 
ment. '* Because of their outward orientation in the lipid bilayer, 
the choline phospholipids may represent controlling points 
in the major pathways of lipid renewal, because there is an 
exchange between plasma fatty acids and the RBC membrane. 
Fatty acids are incorporated through an energy-dependent 
process into membrane phospholipids. Therefore, changes in 
body lipid transport and metabolism may cause abnormalities 
in the plasma phospholipid concentration that may alter the 
RBC membrane composition, resulting in decreased RBC sur- 
vival in circulation. In addition, cholesterol has a pronounced 
effect on membrane fluidity.’ Membranes containing excess 
cholesterol are more viscous and less fluidic. This leads to a 
decrease in membrane deformability and RBC survival. 

In contrast, amino phospholipids, consisting of phosphati- 
dylethanolamine and phosphatidylserine, are located almost 
exclusively on the inside half or cytoplasmic side of the RBC 
membrane along with phosphatidylinositol.'* The specific ori- 
entation of these phospholipids maintains a precise lipid pattern 
that is critical to normal RBC survival in circulation. Alteration 
of this arrangement, leading to the abnormal appearance of these 
amino phospholipids on the outer surface of the lipid bilayer, 
promotes activation of the clotting cascade and may result in 
extravascular hemolysis.'? Stabilization of this phospholipid 
asymmetry in the erythrocyte membrane is maintained through 
the interaction with specific peripheral membrane proteins.'* 


Glycolipids and Cholesterol 

Most of the glycolipids are located in the outer half of the lipid 
bilayer and interact with glycoproteins to form many of the 
RBC antigens.'* Cholesterol is approximately equally distrib- 
uted, being located on both sides of the lipid bilayer inserted 
between the choline and amino phospholipids.” Cholesterol 
comprises 25% of the RBC membrane lipid and is present in a 
1:1 molar ratio with phospholipids.’ RBC membrane choles- 
terol is in continual exchange with plasma cholesterol and is, 
therefore, affected by changes in body lipid transport.'” 

As mentioned, accumulation of cholesterol results in a 
more viscous membrane with subsequent morphological 
changes in the RBCs such as target cells (Fig. 2-6) and may 
cause RBC membrane damage. Acanthocytes, RBCs with 
irregular, spiny projections called spicules (Fig. 2-7), have 
also been associated as a result of alterations in membrane 
lipids and proteins with various diseases.'” 

In summary, the majority of the RBC membrane is made 
of glycophorin and spectrin that are integral and peripheral 


FIGURE 2-7 Acanthocytes. 


proteins, respectively. Mutations in spectrin protein lead to 
hereditary elliptocytosis and hereditary spherocytosis.'? Any 
abnormality that increases membrane permeability or alters 
cationic transport may lead to a decrease in RBC survival. 
Accumulation of cholesterol results in more viscous cell 
membrane, which transforms the RBCs into target cells. 


es 
b> ADVANCED CONTENT 


Acanthocytes may occur in patients with severe liver dysfunc- 
tion, neuroacanthocytosis, abetalipoproteinemia, malnutrition. 
hypothyroidism, postsplenectomy, etc.2” An excess accumul:- 
tion of membrane cholesterol in association with liver disease 
and inherited lipid disorders such as abetalipoproteinemi* 
and lecithin-cholesterol acyltransferase deficiency (LCA!) 
results in target cells or acanthocytes. The former disorder '* 
caused by a decrease in apolipoprotein B (Apo B) in the bloo’ 
with subsequent decreases in plasma and membrane lipids 
The patient’s red cells appear as acanthocytes with increased 
membrane rigidity, Target cell formation results from the st!” 
sequent increase in membrane cholesterol. All of these RBC 
have a decreased survival rate because the excess lipid m*4*> 
the cell membrane less deformable, 

The abnormalities that can lead to a change in RBC" 


phology are summarized in Table 2—4. 


TABLE 2-4 Abnormalities That Can Lead to a Change 
in RBC Morphology 


RBC Morphology 


Target cells 


alipoproteinemia with Acanthocytes 
rol accumulation 


deficiency with choles- Hemolysis with red cell 
accumulation fragmentation 


Bite cells and spherocytes 


the RBC dry weight, or 33% of the RBC weight by 
*! Approximately 65% of the hemoglobin synthesis 
during the nucleated stages of RBC maturation, and 
curs during the reticulocyte stage.*! Normal hemoglo- 
sists of globin (a tetramer of two pairs of globin poly- 
chains) and four heme groups, each of which contains 


aglobin Synthesis 
hemoglobin production is dependent on three 


es (Fig. 2-9): 


iron delivery and supply 
synthesis of protoporphyrins (the precursor 


Polypeptide 
chains 


Heme 
(protoporphyrin + iron) 


GURE 2-8 Hemoglobin A molecule comprised of two alpha, two beta, 
iron-containing heme groups. Beta chains have 146 amino acids 
chains have 141 amino acids 
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Transferrin 


FIGURE 2-9 Hemoglobin synthesis in the reticulocyte. "-ALA = 
delta-aminolevulinic acid; URO = uroporphyrinogen; COPRO = copropor- 
phyrinogen; PROTO = protoporphyrin. 


lron Delivery and Supply 

Iron, in the ferric state (Fe**), is delivered to the membrane 
of the RBC precursor by the protein carrier transferrin. Most 
of the iron that crosses the membrane and enters the cyto- 
plasm of the cell is committed to hemoglobin synthesis and 
thereby proceeds to the mitochondria (where ferric iron is 
reduced to ferrous [Fe*’] iron for insertion into the protopor- 
phyrin ring to form heme).” Excess iron in the cytoplasm 
aggregates as ferritin, the amount of which depends on the 
ratio between the level of plasma iron and the amount of 
iron required by the erythrocyte for hemoglobin synthesis. 
Two-thirds of the total body iron supply is bound to heme 
in the hemoglobin molecule (see Chapter 7 for a discussion 
of iron kinetics). 


Synthesis of Protoporphyrins 

Protoporphyrin synthesis begins in the mitochondria with 
the formation of delta-aminolevulinic acid (SALA) from 
the amino acid, glycine, and succinyl coenzyme A (CoA), 
which is the major rate-limiting step in heme biosynthesis 
(Fig. 2-10).% The mitochondrial enzyme, SALA synthe- 
tase, which mediates this reaction, is influenced by EPO and 
requires the presence of the cofactor pyridoxal phosphate 
(vitamin B,).”* 

Porphyrinogens, not porphyrins, are the intermediates of 
heme synthesis. Porphyrinogens are unstable tetrapyrroles 
that are readily and irreversibly oxidized to form porphyrins. 
In contrast, porphyrins are highly stable resonating molecules 
that are normally found in small quantities in the urine as a 
result of normal RBC catabolism. 

Excessive formation of porphyrins can occur if any one of 
the normal enzymatic steps in heme synthesis is blocked and 
can result in one of several metabolic disorders, collectively 
called the porphyrias™ (see Chapter 7). 


Globin Synthesis 
Globin chain synthesis occurs on RBC-specific cytoplas- 
mic ribosomes, which are initiated from the inheritance of 
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Uro'gen Ill Cpedean iM 

pee = i es es The heme biosynthetic pathway, showing the distribution of enzymes between the mitochondria and the cytoplasm 
SIE c My lycine a d succinyl coenzyme A yields™ ALA, which is irreversible; two molecules of ALA undergo condensation by the enzyme ALA 

j rase to yield porphobilinogen (PBG). In the presence of uroporphyrinogen Ill cosynthase and uroporphyrinogen | synthase, PBG yields uroporph 
rinogen Ill. Uroporphyrinogen Ill undergoes four decarboxylation steps, catalyzed by the enzyme uroporphyrinogen decarboxylase, to yield ce 
phyrinogen Ml. Coproporphyrinogen lll is transported from the cytosol into the mitochondria, where the enzyme coproporphyrinogen oxidase acts on!” 
Propionic acid side chains to yield protoporphyrinogen IX. Catalyzed by protoporphyrinogen IX oxidase, protoporphyrinogen IX is oxidized to protopor 
phyrin IX. Protoporphyrin IX combines with ferrous iron to yield heme (catalyzed by heme synthase). (Intermediates between uroporphyrinogen and 
coproporphyrinogen, designated by X, remain unidentified.) BPO, = pyridoxal phosphate. (From Tietz, MW. Textbook of Clinical Chemistry. Philade!phiz 


WB Saunders; 1986, with permission.) 


various structural genes. Each gene results in the forma- 
tion of a specific polypeptide chain. Each somatic diploid 
cell, including the RBC, contains four alpha (a), two zeta 
(f), two beta (B), two delta (3), two epsilon (€), and four 
gamma (y) genes.” The a and ¢ genes are located on chro- 
mosome 16, and the B, 6, €, and -y genes on chromosome 11 
(Fig. 2-11). The resulting gene products formed have been 
called a, ¢, B, 6, €, and y globin chains. Throughout embry- 
onic and fetal development, activation of the globin genes 
progresses from the ¢ to the a gene and from the € to the y, 6, 
and B genes.” 

The € and { chains normally appear only during embry- 
onic development (Table 2—5). These two chains, plus the a 
and y chains, are constituents of embryonic hemoglobins: 
Hb Gower 1 (C,€,), Hb Gower 2 (a,¢,), and Hb Portland 
(£7,)-” The € and € chains are produced up to approximately 
3 months after conception.” The a chain is always present. 
Production of y chains is active from the third month of 
fetal development until 1 year postnatally. In the fetus, 
the major hemoglobin is «,y, (hemoglobin F). The y chains 
occur as a mixture of two types of chains, differing only by 
one amino acid at position 136. G-gamma (“y) contains gly- 
cine, whereas A-gamma (“y) has alanine at that position. 
The ratio of “y to *y is approximately 3:1 at birth and 2:3 
by 1 year of age.* By the age of 2 years, hemoglobin F 
comprises less than 2% of the total hemoglobin. Production 
of B chains rises gradually prenatally and reaches adult per- 
centages between 3 and 6 months postnatally. Figure 2~12 


depicts the time sequence of globin chain synthesis durin 
fetal development, birth, and infancy. 

All normal adult hemoglobins are formed as tetram 
ers consisting of two a chains plus two (non-a) globi: 
chains. Normal adult RBCs contain the following types o 
hemoglobin: 


© 95% to 97% of the hemoglobin is HbA, which consists of 
af, chains 

¢ 2% to 3% of the hemoglobin is HbA,, which consists of 
a6, chains 

¢ 1% to 2% of the hemoglobin is HbF (fetal hemoglobin 
which consists of a,y, chains 


In the cytoplasm, each synthesized globin chain links i" 
heme (ferroprotoporphyrin IX) to form hemoglobin, wh 
primarily consists of two a chains, two ® chains, and {> 
heme groups” (see Fig. 2-8). The structure of the chains -”- 
the resulting hemoglobin molecule is described in the follo’ 
ing four steps: 


1. The primary structure relates to the number and seque™* 
of amino acids constituting each globin chain. The « 
chains have 141 amino acids, and the non-a chains 5*'~ 
146 amino acids. The sequence of amino acids is 4'"'-" 
in each chain, 


2. The secondary structure occurs with the twisting 0! 


the amino acid chain around an axis in a helical! 


- Sp 
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FIGURE 2-11 Genetic control and formation of human hemoglobins. 
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BLE 2-5 Composition of Hemoglobin Found in 
Normal Human Development 


Stage of 
Development 


Gower 2 


Gower 1 


Portland 


structure consists of bending the twisted 
cid chain into a three-dimensional shape resem- 

in “irregular pretzel.” The polar groups are oriented 
utWard, and the nonpolar groups are interior. The heme 

| is nestled in a nonpolar pocket and attached to a 
histidine residue. 


ional chains with their respected heme 
result is a complete, functional hemoglobin 
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FIGURE 2-12 Changes in globin chain synthesis during fetal develop- 
ment, birth, and infancy. 


Table 2-5 shows the composition of hemoglobin found 
during normal human development. The precise order of 
amino acids is critical to the structure and function of the 
hemoglobin molecule. 

The rate of globin synthesis is directly related to the rate of 
porphyrin synthesis and vice versa: protoporphyrin synthesis 
is reduced when globin synthesis is impaired. There is, how- 
ever, no such relationship with iron uptake when either glo- 
bin or protoporphyrin synthesis is impaired; iron accumulates 
in the RBC cytoplasm as ferritin aggregates. The iron-laden, 
nucleated RBC is termed a sideroblast and the anucleated 
form, a siderocyte, when stained with Prussian blue for visu- 
alization of iron (Fig. 2-13).”* When protoporphyrin synthesis 
is impaired, the mitochondria become encrusted with iron, 
which is visible around the nucleus of the RBC precursor 
when stained with Prussian blue. Such an RBC is termed a 
ringed sideroblast and is diagnostic for a pathogenesis linked 
to deficient protoporphyrin synthesis.?° 


z salle Es 
FIGURE 2-13 Ringed sideroblast and siderocytes as detected by Prussian 
blue staining of a bone marrow aspirate. (Prussian blue stain, X 1000). 
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52 PART 1 


Introduction to Clinical Hematology 


Hemoglobin Function 
The primary function of hemoglobin is delivery and release 
of oxygen to the tissues and facilitation of carbon dioxide 
excretion.'* Because of hemoglobin’s multichain struc- 
ture, the molecule is capable of a considerable amount of 
allosteric movement as it loads and unloads oxygen.” One of 
the most important controls of hemoglobin affinity for oxy- 
gen is the RBC organic phosphate 2,3-diphosphoglycerate 
(2,3-DPG), now called 2,3-biphosphoglycerate (2,3-BPG). 
The unloading of oxygen by hemoglobin is accompanied 
by the widening of the space between 8 chains and the 
binding of 2,3-BPG on a mole-for-mole basis, with the for- 
mation of anionic salt bridges between the aad chains”34 
(Fig. 2-14). The resulting conformation of the deoxyhemo- 
globin molecule is known as the tense (T) form, which has 
a lower affinity for oxygen. When hemoglobin loads oxygen 
and becomes oxyhemoglobin, the established salt bridges 
are broken and a chains are pulled together, expelling 
2,3-BPG. This relaxed form of the hemoglobin molecule 
has a higher affinity for oxygen. Each iron-containing heme 
group in each of the polypeptide chains of the hemoglobin 
molecule can bind one oxygen molecule.2324 

These changes in shape that occur as the hemoglobin 
loads and unloads oxygen are referred to as the respira- 
tory movement.* The dissociation and binding of oxygen 
by hemoglobin are not directly proportional to the oxy- 
gen tension (Po,) of its environment but instead exhibit a 
sigmoid-curve relationship known as the hemoglobin— 
oxygen dissociation curve depicted in Figure 2-14. The 
shape of this curve is very important physiologically 
because it permits a considerable amount of oxygen to be 
delivered to the tissues with a small drop in oxygen ten- 
sion. For example, in the environment of the lungs, where 
the Po,, measured in millimeters of mercury (mm Hg), is 
nearly 100 mm Hg, the hemoglobin molecule is almost 
100% saturated with oxygen (see Fig. 2-14, point A). As 
the RBCs travel to the tissues, where the Po, drops to an 


OXYHEMOGLOBIN 


FIGURE 2-14 Normal hemoglobin- 
oxygen dissociation curve. 


DEOXYHEMOGLOBIN 


Saturation (%) 


_— ~ 


average 40 mm Hg (mean venous oxygen tension 
hemoglobin saturation drops to approximately 75%, relea 

ing approximately 25% of the oxygen to the tissues a 
Fig. 2-14, point B). : 

This is the normal situation of oxygen delivery at basaj 
metabolic rate. In conditions such as hypoxia, a compen. 
satory “shift to the right” of the hemoglobin- Oxygen 
dissociation curve (Fig. 2-15) occurs to alleviate a tissu. 
oxygen deficit. This rightward shift of the curve, mediate, 
by increased levels of 2,3-BPG, results in a decrease ;, 
the affinity of hemoglobin for the oxygen molecule and ay 
increase in oxygen delivery to the tissues.7*4 The RBCs 
therefore, have become more efficient in terms of oxygep 
delivery. 

Therefore, a patient who is suffering from an anemia, caused 
by a loss of RBCs, may be able to compensate by shifting 
the oxygen dissociation curve to the right, making the RBCs, 
although fewer in number, more efficient. Some patients may 
be able to tolerate anemia better than others because of this 
compensatory mechanism. A shift to the right also may occur 
in response to acidosis or a rise in body temperature.” The 
shift to the right of the hemoglobin-oxygen dissociation curve 
is only one way in which patients may compensate for various 
types of hypoxia; other ways include increases in total cardiac 
output and in erythropoiesis.“ 

A shift to the left of the hemoglobin—-oxygen dissocia- 
tion curve conversely results in an increase in hemoglobin- 
oxygen affinity and a decrease in oxygen delivery to the tis 
sues (see Fig. 2-15). With such a dissociation curve, RBC: 
are much less efficient in releasing oxygen to the tissues 
Among the conditions that can shift the oxygen dissociatio! 
curve to the left are alkalosis; decrease in body temperature 
increased quantities of abnormal hemoglobins, such as met 
hemoglobin and carboxyhemoglobin; increased quantities o! 
hemoglobin F; or multiple transfusions of 2,3-BPG-depleted 
stored blood (attesting to the importance of 2,3-BPG in 
oxygen release).?4 
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FIGURE 2-15 -Hemoglobin-oxygen dissociation curve. Blue line is the nor- 
C green line represents a “shift to the left” that can occur with 
yabnormal hemoglobins, increase in pH (alkalosis), a decrease 
da decrease in body temperature. The red line represents 


fight” that can occur with a decrease in pH (acidosis), an 
3-DPG, and an increase in body temperature. 


DVANCED CONTENT 


in—oxygen affinity also can be expressed by P., 
designate the Po, at which hemoglobin is 50% 
ed with oxygen under standard in vitro conditions 
perature and pH.* The P., of normal blood is 26 to 
“4 An increase in P., represents a decrease in 
oxygen affinity, or a shift to the right of the 
dissociation curve. A decrease in P,,, represents an 
¢ in the hemoglobin-oxygen affinity, or a shift to the 
hi globin—-oxygen dissociation curve. In addi- 
ons listed previously for shifts in the curve, 
ormalities of the hemoglobin molecule can 
er situation. These abnormalities are described 
P.. measurements. Abnormalities in hemoglobin 
or function can therefore have profound effects on 
ty of RBCs to provide oxygen to the tissues. 


irmal Hemoglobins of Clinical Importance 
emoglobins previously described, oxyhemoglobin and 
i hemoglobin, are physiological hemoglobins because 
tion in the transport and delivery of oxygen within 
tion. Abnormal hemoglobins of clinical signifi- 
unable to transport or deliver oxygen include 


‘yhemoglobin, the oxygen molecules bound to 
ve been replaced with carbon monoxide (CO). This 
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replacement process is relatively slow and dependent on the 
concentration of carbon monoxide in the blood. Once attached, 
however, the binding of carbon monoxide to the heme of the 
hemoglobin molecule is 200 times tighter than the binding of 
oxygen to heme.”° The concentration of carbon monoxide can 
be increased in a number of conditions, including chronic heavy 
smoking. The toxic level of carboxyhemoglobin is 5.0 units. 

Methemoglobin is formed when the iron of the hemoglo- 
bin molecule is oxidized to the ferric (Fe**) state.** Normally, 
less than 1% of the total circulating hemoglobin is in the met- 
hemoglobin form. Increased formation of methemoglobin 
can occur as a result of an overload to oxidant stress, owing to 
the ingestion of strong oxidant drugs or an enzyme deficiency. 
The toxic level of methemoglobin is 1.5 units. 

Sulfhemoglobin is formed when a certain situation or con- 
dition, such as ingestion of a sulfur-containing drug or chronic 
constipation, causes the sulfhemoglobin content of the blood to 
build up. Sulfhemoglobin is incapable of carrying oxygen and 
represents an irreversible change of the hemoglobin molecule 
that persists until the RBCs are removed from the circulation. 
Both carboxyhemoglobin and methemoglobin, however, can be 
reverted to oxyhemoglobin through the use of oxygen inhalation 
and the administration of strong reducing substances, respec- 
tively. The toxic level of sulfhemoglobin is 0.5 units. 

At toxic levels of these hemoglobins, the tissue oxygen 
deficit results in cyanosis and anemia, and eventually death 
may occur. 


CRITICAL THINKING QUESTION 
2-3 How can a patient suffering with anemia still compensate 
for oxygen needs throughout the body? 


Maintenance of Hemoglobin Function: 
Active Red Blood Cell Metabolic Pathways 


Active erythrocyte metabolic pathways are necessary for the 
production of adequate ATP levels. Such generated energy is 
crucial to RBC survival and function in that it is necessary for 
maintaining: 


Hemoglobin function 

Membrane integrity and deformability 

RBC volume 

Adequate amounts of reduced pyridine nucleotides 
Protection of metabolic enzymes™ 


RBCs generate energy almost exclusively through the 
anaerobic breakdown of glucose, because the metabolism of 
the anucleated erythrocyte is more limited than that of other 
body cells. The adult RBC possesses little ability to metab- 
olize fatty acids and amino acids. In addition, mature RBCs 
contain no mitochondrial apparatus for oxidative metabolism 
(Table 2-6). The RBC metabolic pathways are mainly anaero- 
bic, fortunately, because the function of the RBC is to deliver 
oxygen and not to consume it, Four pathways of RBC metabo- 
lism will be considered: the anaerobic glycolytic pathway and 
three ancillary pathways that serve to maintain the function of 


hemoglobin (Fig. 2-16). All of these processes are essential 
if the RBC 1s to transport oxygen and maintain the physical 
charactersstics required for its sarvival in circulation. 

Of the ATP needed by RBCs, 90% is generated by the 
Embden—Meyerhof glycolytic pathway.” Here, the metabo- 
lism of ghacose results m the net generation of two molecules 
of ATP. Although this ATP synthesis is inefficient compared 
with cells that use the Krebs cycle (acrobic metabolism), it 
provides sufficient ATP for the requirements of the RBCs. 
Glycolysis also generates NADH from NAD", which is 
important in some of the other RBC metabolic pathways. 

Another 5% w 10% of glucose is metabolized by the 
hexose monophosphate (HMP) shunt (also called the phos- 
phogluconate pathway)” This pathway produces the pyr- 
idime mucleotide NADPH from NADP™. NADPH, together 
with reduced glutathione, provides the main line of defense 
for the RBC agzinst oxidative injury.“ Oxidant drugs, as well 
as infections, can cause the accumulation of hydrogen per- 
oxide and other oxidants, which can be toxic to cell proteins. 
The sequence of biochemical reactions shown in Figure 2-16 
occurs within the normal RBC with adequate levels of appro- 
priate enzymes and substrate to prevent the accumulation of 
these agents. 

When the HMP shunt is functionally deficient, the amount 


and precipitation as aggregates (Heinz bodies) within the 
cefl. If this process sufficiently damages the membrane, cell 
Gestruction occurs. Inherned defects in the pentose phos- 
phate ghtathiome pathway, the most common of which is 


>» 


ghucose-6-phosphate dehydrogenase (G6Pp, defic: 
result in the formation of Heinz bodies with Subsequen, . 
vascular hemolysis (Refer to Chapter 10, Enzyme p.* 
cies.) Glutathione is not only crucial to keeping hem, 
in a functional state, it is also important in Maintainins 5, 4 
integrity by reducing sulfhydryl groups of hemoglobin 
brane protein, and enzymes subsequent to oxidation 

The methemoglobin reductase pathway 1S ance, 
important component of RBC metabolism. Two mether,._ 
bin reductase systems are important in maintaining hem. 
in the reduced (Fe*’, ferrous) functional state“ Both par. 
depend on the regeneration of reduced pyridine nuc\e.._ 
and are referred to as the NADH and NADPH methem... 
bin reductase pathways. In the absence of the enzyme me-.. 
moglobin reductase and the reducing action of the pyny.-. 
nucleotide NADH, there is an accumulation of methem>. - 
bin, resulting from the conversion of the ferrous iron of +.— 
to the ferric form (Fe**). Methemoglobin is a nonfunct..-. 
form of hemoglobin, having lost oxygen transport capz> - 
ities, as the metheme portion cannot combine with oxy2- 
Normal efficiency of the methemoglobin reductase pathw 2. 
exemplified by the fact that usually no more than 1% of R= 
hemoglobin exists as methemoglobin in the RBCs of hea!-- 
individuals.* 


Another important pathway that is crucial to RBC fur. 
tion is the Leubering—Rapaport shunt. This pathway caus 
an extraordinary accumulation of the RBC organic phosphz. 
2,3-biphosphoglycerate acid (2,3-BPG), which is impor 
because of its profound effect on the affinity of hemog!o> 
for oxygen. Stores of this organic phosphate can serve 2: 
reserve for additional ATP generation. 


ae le 
CRITICAL THINKING QUESTION : 
2-4 Why is RBC generation of energy mainly an anaerobic 
process? 


Erythrocyte Senescence and weiss 


The RBC, a 7- to 8-um biconcave disc (Fig. 2-17), travels 2° 
to 300 miles during its 120-day life span. During this tim. 
circulating RBCs undergo the process of senescence or agi" - 
Each day, 1% of the old RBCs in circulation are taken out >: 
system of fixed macrophages in the body known as the retic- 
loendothelial system (RES) or the mononuclear phago.s'- 
system (MPS). Modifications of the RBC membrane pro: 
that normally occur during RBC senescence play a 10: — 
enhancing the recognition of aging red cells and their re 
by phagocytic cells of the MPS. These RBCs are replaces 
the daily release of 1% of the younger RBCs (reticulo.— 
from the bone marrow storage pool. As erythrocytes bes: 
older, certain glycolytic enzymes decrease in activity, co!" ~ 
in a decrease in the production of energy and loss of dc!" 
ability. At a certain critical point, the RBCs are no lonzs' ~~ 
to traverse the microvasculature and are phagocytied "> 
RES cells. Although RES cells are located in vanou- she 
and throughout the body, those of the spleen, called 
cells, are the most sensitive detectors of RBC abnor! 


- 4 


METHEMOGLOBIN 
REDUCTASE 
PATHWAY 


Hexokinase 
Glucose-6-phosphate isomerase 
Phosphofructokinase 

Aldolase 

Triose phosphate isomerase 
Glyceraldehyde-3-phosphate dehydrogenase 
Phosphoglycerate mutase 

Enolase 

Pyruvate kinase 

Lactic dehydrogenase 
Diphosphoglyceromutase 
Diphosphoglycerate phosphatase 
Glucose-6-phosphate dehydrogenase 
6-Phosphogluconate dehydrogenase 


i 


NADH-methemoglobin reductase 


phatidylserine is an aminophospholipid that is known 
ucial role in mediating the recognition of senes- 
erving as a signal for phagocytosis. An excess of 
inhibits the phosphatidylserine exposure; whereas 
depletion increases it.This could lead to increased 
plibility to the clearance of the senescent RBCs."4 


lar Hemolysis 
of the destruction of senescent RBCs occurs by 


s of extravascular hemolysis (Fig. 2-18). During this 
dd or damaged RBCs are phagocytized by the RES cells 


Hemoglobin NAD ) 
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and digested by their lysosomes. The hemoglobin molecules are 
disassembled and broken down into their various components. 
The iron recovered is salvaged and retumed by the plasma pro- 
tein carrier, transferrin, to the erythroid precursors in the marrow 
for synthesis of the new hemoglobin. Globin is broken down into 
amino acids and redirected to the amino acid pool of the body. 
Finally, the protoporphyrin ring of heme is disassembled, and its 
a carbon exhaled in the form of carbon monoxide. The opened 
tetrapyrrole, biliverdin, is converted to bilirubin and carried by 
the plasma protein albumin to the liver.” In the liver, bilirubin is 
conjugated to bilirubin glucuronide and excreted along with bile 
into the intestines. Here, it is converted further, through bacte- 
rial action, into urobilinogen (stercobilinogen) and excreted in 
the stool. A smal! amount of urobilinogen is reabsorbed through 
enterohepatic circulation, filtered by the kidneys, and excreted 
in small amounts in the urine. Both unconjugated (prehepatic) 
and conjugated (posthepatic) bilirubin can be measured in the 
plasma as indirect and direct bilirubin, respectively, and used to 
monitor the amount of hemolysis. 


Intravascular Hemolysis 
Only 5% to 10% of normal RBC destruction occurs through 
intravascular hemolysis (Fig. 2-19). During this process, 
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NORMAL EXTRAVASCULAR HEMOLYSIS 


RETICULOENDOTHELIAL SYSTEM 
(spleen and bone marrow) NORMAL 


Conjugated = normal 
0-0.2 mg/100 mL 
Unconjugated = normal <~} 
0.2-0.8 mg/100 mL/s nae 


intestine 


Urine 
Urobilinogen = normal (1+) 
0.5-4.0 E.U/d Urobilinogen and urobilin = normal 
Bilirubin = negative (2+) 75-400 E.U./d 


FIGURE 2-18 Normal extravascular hemolysis. (From Tietz MW. Textbook 
of Clinical Chemistry. Philadelphia: WB Saunders; 1986, with permission.) 


INTRAVASCULAR HEMOLYSIS 


Globin 


Hemoglobin <——> Hemoglobin <—> Methemoglobin 
dimer, tetramer 


Haptoglobin Hemopexin 


Methemalbumin 


Hemosiderin 
Hemoglobin 
Methemoglobin 


FIGURE 2-19 Intravascular hemolysis. 


RBC breakdown occurs within the lumen of the blood vessels. 
The RBC ruptures, releasing hemoglobin directly into the 
bloodstream. The hemoglobin molecule dissociates into aB 
dimers and is picked up by the protein carrier, haptoglobin.” 
The haptoglobin—-hemoglobin complex prevents renal excre- 
tion of the hemoglobin and carries the dimers to the liver cell 
for further catabolism. The hepatocyte uptake and processing 
are identical at this point to the process previously described 
for extravascular hemolysis (see Fig. 2-18). Haptoglobin lev- 
els, therefore, fall in plasma as haptoglobin is removed by the 
hemoglobin-haptoglobin complex formation. It is estimated 


that as little as 1 to 2 mL of the RBC intravasoy, 
lysis can totally deplete the amount of plasma ha 
Normally, 50 to 200 mg/dL of plasma haptoglobin 
and represents the hemoglobin-dimer binding ca 
haptoglobin is depleted, unbound hemoglobin dimer, ~ ily 
in the plasma (hemoglobinemia) and are filtered through % 
kidneys and reabsorbed by the renal tubular cells. Bie res, 
tubular uptake capacity is approximately Sg per day of ¢ 3 
hemoglobin. Beyond this level, free hemoglobin app, 
the urine (hemoglobinuria).” 

Hemoglobinuria is always associated with hemoglobin. 
emia. A normal plasma hemoglobin level is approximately >, 
5 mg/dL, which is released as a result of intravascular en 
lysis.* Depending on the amount of hemolysis and type ,: 
hemoglobin, the plasma may be pink, red, or brown. Likew/s. 
in hemoglobinuria the urine also may be pink, red, brown, ,- 
black. Two hemoglobin pigments, oxyhemoglobin and methe. 
moglobin, are produced by auto-oxidation of the hemog|ob; 
in the urinary tract when the urine is acidic.'*** Oxyhemog|p. 
bin is bright red, and methemoglobin is dark brown. The colo; 
of the urine, therefore, depends on the amount of hemolys; 
and the concentration and relative proportions of these t\ 
pigments. Oxyhemoglobin predominates in alkaline urin: 
and methemoglobin predominates in acidic urine.* 

Hemoglobin that is neither processed by the kidneys nv 
bound to haptoglobin is oxidized to methemoglobin, whic 
is further disassembled as metheme groups are released an 
globin degraded. Free metheme is quickly bound by anoth: 
transport protein, hemopexin, and is carried to the liver ce 
to be catabolized, as previously described. The heme-binc 
ing capacity of hemopexin is approximately 50 to 100 mz 
dL; when this is exceeded, the metheme groups combine wit 
albumin to form methemalbumin.** Albumin cannot transfe 
the metheme across the membrane of the hepatocyte for sub 
sequent degradation, As a result, the methemalbumin circu 
lates until additional hemopexin is produced by the liver 
serve as the protein carrier. Table 2—7 lists the various plasm: 
proteins and the substances they carry. It is this circulatin: 
methemalbumin that imparts a brown tinge to the plasma o 
blood. Intravascular hemolysis that occurs as a result of RB( 
senescence is so minimal that it is limited to the involvemen 
of only haptoglobin, which is rarely depleted. Hemog!: 
binemia and hemoglobinuria, as well as the other process: 
discussed, come into play only with excessive intravascul: 
hemolysis, which can occur in patients having various hem 
lytic anemias (see Chaps. 9 through 14), 
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TABLE 2-7 Protein Carriers 


Transferrin Iron 


Haptoglobin 


Hemopexin Metheme 
Albumin Bilirubin 
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SUMMARY CHART 


 Glycophorin is the major integral membrane protein, 
representing 20% of the total RBC membrane protein. 
 Spectrin is the most abundant peripheral protein of the 
RBC membrane cytoskeleton, comprising 25% to 30% 
of the total membrane protein and 75% of the peripher- 
al protein. 
The loss of ATP and subsequent decrease in the phos- 
phorylation of spectrin lead to a decrease in deforma- 
bility and RBC survival. 
¢ The RBC membrane is freely permeable to water and 
anions while relatively impermeable to cations (Na’, K’). 
The erythrocyte intracellular-to-extracellular ratios for 
jum and potassium are 1:12 and 25:1, respectively. 
membrane lipids consist of a bilayer of phos- 
holipids interspersed with molecules of unesterified 
cholesterol and glycolipids present in equimolar 
quantities. 
Cholesterol comprises 25% of the RBC membrane lipid 
ind is present in a 1:1 molar ratio with phospholipids. 
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Hemoglobin is a conjugated globular protein consisting 
of globin (two pairs of polypeptide chains) and four 
groups, each of which contains a protoporphyrin 
plus ferrous iron. 

hemoglobin synthesis is dependent on ade- 

n delivery and supply, adequate synthesis of 
hyrins, and adequate globin synthesis. 


= STUDY 2-1 


anemia presents to their primary care physi- 
's history is significant for a decreased RBC 
years. The physician has been monitoring 
ly with laboratory analysis during this time. 
tient has not required a blood transfusion. 


ased number of RBCs, what functionality 
thin this patient? 
ible that this patient is handling their con- 
| without the need for a blood transfusion? 

uld 2,3-BPG levels be high or low in this 
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* Iron is delivered to the membrane of the RBC precur- 
sor by the protein carrier transferrin; two-thirds of total 
body iron is bound to heme in the hemoglobin molecule. 


e Globin chain synthesis occurs on RBC-specific cyto- 
plasmic ribosomes, which are initiated from the gene 
inheritance. 

e Normal adult hemoglobin consists of 95% to 97% 
HbA, 2% to 3% HbA,, and 1% to 2% HbF. 


e The primary function of hemoglobin is delivery and re- 
lease of oxygen to the tissues and facilitation of carbon 
dioxide excretion. 


e A shift to the left of the hemoglobin—oxygen dissoci- 
ation curve results in a decrease in oxygen delivery to 
the tissues. 

e A shift to the right of the hemoglobin—-oxygen disso- 
ciation curve results in a decrease of oxygen affinity 
for hemoglobin and increased oxygen delivery to the 
tissues. 

e Abnormal hemoglobins, which are unable to carry 
oxygen, include carboxyhemoglobin, methemoglobin, 
and sulfhemoglobin. 

e Ninety percent of ATP needed for RBC survival is gen- 
erated via the Embden—Meyerhof glycolytic pathway. 


e Ninety percent of RBC senescence occurs by extravas- 
cular hemolysis, whereas 5% to 10% occurs through 
intravascular hemolysis. 


ANSWERS 

1. The patient is at highest risk for decreased oxygen 
levels without enough red blood cells present, and the 
hemoglobin within them, to carry oxygen to the tissues. 

2. In chronic, milder cases of anemia, patient cells might 
demonstrate a shift to the right in the oxygen dissocia- 
tion curve, enabling the fewer red blood cells present to 
deliver oxygen to the tissues more efficiently. 

3. With a shift to the right in the oxygen dissociation 
curve, you would expect to see increased 2,3-BPG 
levels. 
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REVIEW QUESTIONS 


1. Which of the following is not a process affecting RBC 


survival and function? 

a. Integrity of RBC cellular membrane 
b. Cell metabolism 

c. Intravascular hemolysis 

d. Hemoglobin structure 


. Which abnormal RBC is not caused by a structural 
membrane defect? 

a. Spherocyte 

b. Target cell 

c. Siderocyte 

d. Acanthocyte 


- Which list represents the complete set of processes 

necessary for normal hemoglobin production? 

a. Iron delivery and supply, synthesis of protoporphy- 
rins, and globin synthesis 

b. Iron salvage, synthesis of conjugated bilirubin, and 
haptoglobin synthesis 

c. Iron accumulation, synthesis of hemopexin, and 
globin catabolism 

d. Iron catabolism, synthesis of uroporphyrinogen, and 
ferritin synthesis 


.- What is the correct list for the number and type of 
globin chains in normal adult hemoglobin? 

a. Four a, two B, and two 6 chains 

b. Two a and two non-a chains 

c. Two a, four B, one 6, and one € chain 

d. Two a, two B, two 6, and one € chain 


. What is the composition of normal adult hemoglobin? 
a. 92% to 95% HbA; 5% to 8% HbA,; 1% to 2% HbF 
b. 90% to 92% HbA; 2% to 3% HbA,; 2% to 5% HbF 
c. 80% to 85% HbA; 2% to 3% HbA,; 1% to 2% HbF 
d. 95% to 97% HbA; 2% to 3% HbA,; 1% to 2% HbF 


. Which of the following cells is caused by iron 
accumulation? 

a. Acanthocyte 

b. Ringed sideroblast 

c. Burr cell 

d. Bite cell 


7. Which of the following is a list of abnormal hemoglo. 


> 


bins that are unable to transport or deliver Oxygen? 

a. Carboxyhemoglobin and methemoglobin 

b. Methemoglobin and fetal hemoglobin 

c. Carboxyhemoglobin, sulfhemoglobin, and feta] 
hemoglobin 

d. Carboxyhemoglobin, methemoglobin, and 
sulfhemoglobin 


. Which metabolic pathway generates 90% of the ATP 


needed by RBCs? 

a. Methemoglobin reductase pathway 
b. Hexose monophosphate shunt 

c. Embden—Meyerhof pathway 

d. Leubering—Rapaport shunt 


. What steps occur in the extravascular breakdown of 


senescent RBCs? 

a. RES cells phagocytize red cells; iron is coupled 
to transferrin and returned to marrow; globin is 
returned to amino acid pool; biliverdin is converted 
to bilirubin; bilirubin is coupled to albumin and 
transported to liver; bilirubin glucuronide is 
converted to urobilinogen and excreted. 

b. RBCs break down in lumen of vessel: the 
haptoglobin—hemoglobin complex goes to the 
liver; unbound hemoglobin dimers are excreted 
through the kidney as hemosiderin, hemoglobin, or 
methemoglobin; haptoglobin is broken down to be 
excreted as urobilinogen 

ce. RES cells phagocytize red cells: iron is coupled 
to transferrin and returned to marrow; globin is 
returned to amino acid pool; the haptoglobin— 
hemoglobin complex goes to liver; unbound 
hemoglobin dimers are excreted through kidney 
as hemosiderin, hemoglobin, or methemoglobin; 
haptoglobin is broken down to be excreted as 
urobilinogen. 

d. RBCs break down in lumen of vessel; haptoglobin 
picks up dissociated hemoglobin; the haptoglobin— 
hemoglobin complex goes to the liver; biliverdin is 
converted to bilirubin; bilirubin is coupled to albu- 
min and transported to liver; bilirubin glucuronide is 
converted to urobilinogen and excreted. 


REVIEW QUESTIONS—cont'd 


10. What steps occur in the intravascular breakdown of 
senescent RBCs? 

a. cells phagocytize red cells; iron is coupled 
to transferrin and returned to marrow; globin 
is returned to amino acid pool; biliverdin is 
converted to bilirubin; bilirubin is coupled 

to albumin and transported to liver; bilirubin 
glucuronide is converted to urobilinogen and 
excreted. 

b. RBCs break down in lumen of vessel; the 
haptoglobin-hemoglobin complex goes to the 
iver; unbound hemoglobin dimers are excreted 
‘through the kidney as hemosiderin, hemoglobin, 
or methemoglobin; haptoglobin is broken down to 
be excreted as urobilinogen. 

RES cells phagocytize red cells; iron is coupled 
to transferrin and returned to marrow; globin is 
returned to amino acid pool; the haptoglobin- 

h emoglobin complex goes to liver; unbound 

hi moglobin dimers are excreted through kidney 
as hemosiderin, hemoglobin, or methemoglobin; 
haptoglobin is broken down to be excreted as 
bilinogen. 

BCs break down in lumen of vessel; haptoglo- 
bin picks up dissociated hemoglobin; the 
haptoglobin-hemoglobin complex goes to the 
; biliverdin is converted to bilirubin; bilirubin 
pled to albumin and transported to liver; 
bin glucuronide is converted to urobilinogen 


an 
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11. The membrane protein spectrin is important for 
which of the following? 
a. Maintaining the RBC’s net negative charge 
b. Maintaining the RBC’s membrane integrity 
c. Maintaining the RBC’s regulated volume 
d, Maintaining the RBC’s net positive charge 


12. If the RBC cannot deform, what is a consequence? 

a. The RBC will undergo intravascular hemolysis. 

b. The RBC will lose too much cellular volume. 

c. The RBC may not make it through the RES 
vasculature. 

d. The RBC will not be able to generate the required 


energy needed for functionality. 


13. The primary function of hemoglobin is to: 
a. Generate ATP for the RBC 
b. Fuel the cation pump for the RBC 
c, Maintain RBC membrane deformability 
d. Carry and deliver oxygen 


14. When there is a shift to the right in the oxygen disso- 

ciation curve, which of the following is true? 

a. Hemoglobin’s affinity for delivering oxygen is 
increased, 

b. Hemoglobin’s affinity for holding on to oxygen is 
increased. 

c. 2-3,DPG levels are decreased. 

d. The patient may be hypothermic. 


See answers at the back of this book. 
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LEARNING OBJECTIVES 


g “Atthe end of this chapter, the learner should be able to: 


1 Define hematopoiesis. 

3-2 Contrast the proliferating pool with the maturation 

‘storage pool in granulopoiesis. 

3 Explain the characteristics that make marrow stem 

cells unique. 

344 Describe antigen-dependent and antigen-independent 
_ proliferation. 


E spleen, lymph nodes, and thymus. Blood cell pro- 
and maturation, or hematopoiesis, can be seen at dif- 
omic locations (e.g., yolk sac, liver, spleen, axial 
bones), depending on the gestational and postna- 
In healthy adults, hematopoiesis is seen mainly 
€ marrow. The bone marrow-derived pluripoten- 
Opoietic stem cells, under the influence of various 
S, growth factors, or both, differentiate into myeloid 
S, monocytes, megakaryocytes, erythrocytes) 
iphoid cell lineages. Benign conditions and malignant 
Telated to these cells are termed hematolymphoid 
Nonhematolymphoid diseases can also involve the 
ow; therefore, examination of the bone marrow has 
ication in clinical medicine. 

hematologic diseases involving the bone mar- 
sé morphological abnormalities of the peripheral 


3-7 List the conditions that warrant bone marrow studies. 


3-8 List the anatomical sites for bone marrow collection. 


3-9 Detail the medical laboratory scientist’s role in the 

bone marrow aspiration procedure. 

3-10 Describe the normal cellular composition of adult 
bone marrow. 

3-11 State the difference between bone marrow aspirate 
and biopsy. 

3-12 Explain how iron is stored in the bone marrow and 
the stains used to identify iron on a bone marrow 
smear. 


blood cells, the bone marrow examination should be inter- 
preted in conjunction with a peripheral smear examination. 
Bone marrow aspiration and biopsy are usually indicated 
for the definitive diagnosis of many hematologic disorders. 
Contraindications include severe hemophilia and severe 
disseminated intravascular coagulopathy (DIC).! Throm- 
bocytopenia is generally not a contraindication to bone mar- 
row aspiration and biopsy because platelet transfusion can be 
performed, if clinically warranted, before the procedure.! 


Bone Marrow Structure 


The bone marrow is one of the body’s largest organs, rep- 
resenting 3.4% to 6% of total body weight and averaging 
about 1,500 grams in adults.! The hematopoietic marrow is 
organized around the bone vasculature.? An artery entering 
the bone branches out toward the periphery to specialized 
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vascular spaces called sinuses (Figure 3-1). Several sinuses 
combine in a collecting sinus, forming a central vein that 
returns into the systemic circulation. Hematopoietic cords, in 
which hematopoiesis takes place, lie just outside of the sinuses. 
Afler maturation in the cords, the hematopoietic cells cross the 
walls of the sinuses and enter the blood.’ Hematopoietic cell 
colonies are compartmentalized in the cords. Structurally, bone 
marrow consists of hematopoietic cells (erythroid, myeloid, 
lymphoid, and megakaryocyte), adipose tissue, bone and its 
cells (osteoblasts and osteoclasts), and stroma.’ 


Erythropoiesis 

Erythropoiesis is the process of red blood cell production. 
This process takes place in distinct anatomic units called 
erythropoietic islands* (Figure 3-2). Each island consists of 
a macrophage surrounded by a cluster of maturing erythro- 
blasts.’ Hemoglobin synthesis occurs as early as the pronor- 
moblastic stage, but most hemoglobin synthesis occurs in the 


polychromatophilic stage. The average life span of circulating 
red blood cells is 120 days. 


Granulopoiesis 


Granulopoiesis, or the differentiation and maturation of gran- 
ulocytes, takes place in the hematopoietic cords of the bone 
marrow. In the bone marrow, the committed granulocytic pro- 
genitor cells that come from the hematopoietic stem cells will 
undergo proliferation and differentiation into neutrophils.® 
Early granulocytic precursors are located deep in the cords 
and around the bone trabeculae. In Figure 3-3, granulopoie- 
sis is less conspicuously oriented toward a distinct reticulum 
cell yet may be recognized as an entity. Neutrophils in the 
marrow can be divided into the proliferating pool and the 


_ 


maturation storage pool. The proliferating poo| ine! 
myeloblasts, promyelocytes, and myelocytes.** The«. oa 
which spend 3 to 6 days in this pool, are capable of sony 
synthesis and undergo cell division. The maturation Gina 
pool consists of nondividing metamyelocytes, bands, ang... 
mented neutrophils.** The cells typically spend $ to 7 4, 
in this pool before entering into the circulation’ Depend, 
on the demand, the cells from the storage pool (represen... 
15 to 20 times as many cells as in the blood) can be reless.. 
into the peripheral blood, thus increasing the total white blood 
cell (WBC) count in minutes or hours.’ The average life sp, 
of circulating neutrophils is 6 to 10 hours. 


Megakaryopoiesis 

Megakaryopoiesis, the production of megakaryocytes, ¢; 
platelets, occurs adjacent to the sinus endothelium.’ Tp, 
megakaryocytes protrude as small cytoplasmic processes 
through the vascular wall, delivering platelets directly into 
the sinusoidal blood.’ Megakaryocytes are situated close 
marrow sinuses and, through a mechanism that is not entire 
understood, shed platelets into the circulation (Figure 34) 
Approximately 5 days are required for the megakaryocyte 
to produce platelets.’ Two-thirds of shed platelets are pre:- 
ent in the circulation, whereas one-third are sequestered in th 
spleen. The average life span of platelets in the circulation 
approximately 10 days. 


Lymphopoiesis 

Lymphocytes and plasma cells are minor components of nuc!:- 
ated cells in normal bone marrow. Lymphocyte production, 
lymphopoiesis, is compartmentalized in lymphoid follicles. 
and lymphocytes are randomly dispersed throughout the cords. 
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FIGURE 3-1 Graphic presentation of hematopoietic tissue, The vascular compartment consists of arteriole (A) and central sinus (CV). The ee 
soids are lined by endothelial cells (End), and their wall outside is supported by adventitial-reticulum cells (Adv). Fat tissue (F) is part of the moi" | 
compartmentalization of the hematopoiesis is represented by areas of granulopoiesis (GP), areas of erythropoiesis (RCP), and erythropoietic . - ses ty" 
with their nutrient histiocyte (Hist). The megakaryocytes protrude with small cytoplasmic projections through the vascular wall (Meg) Lymphocy 

are randomly scattered among the hemapoietic cells, whereas plasma cells (Pla) are usually situated along the vascular wall. 
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FIGURE 3-2 Erythropoietic island composed mainly of polychromato- 
philic normoblasts. The nutrient-histiocyte (arrow) is sI ightly displaced 
offits central position by smearing of the particle. Its cytoplasmic slender 
processes envelop a basophilic normoblast, establishing intimate contact 
with the maturing red cell precursor. (Wright-Giemsa, magnification x600) 


FIGURE 3-3 Compartment of granulopoiesis. A reticulum cell (arrow) 
With open reticulated chromatin and light blue cytoplasm containing 
Gustlike fine granules is situated among numerous granulocytic precursors, 
specially myelocytes. (Wright-Giemsa, magnification x600) 


GURE 3-4 Mature megakaryocytes releasing proplatelets (packages of 
). (Wright-Giemsa, magnification x600) 
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The lymphoid follicles (most often seen in elderly individuals) 
are unevenly distributed and tend to influence the variability 
of the lymphocyte count in aspirated bone marrow samples” 
(Figure 3-5). Plasma cells are situated along the vascular wall. 


Stem Cells 

The marrow stem cells have two unique biological charac- 
teristics: self-renewal and multilineage differentiation. These 
stem cells can be further subcategorized as pluripotential 
stem cells (which give rise to many different cell lines) and 
committed stem cells. Because committed stem cells are 
dedicated by lineage to one cell type and do not have the 
potential of self-renewal, they are also called progenitor 
cells. A progenitor cell is a cell committed to a single line 
of proliferation and differentiation. The marrow stem cells on 
Wright’s-stained smears are morphologically indistinguish- 
able from small lymphocytes. In the presence of appropriate 
growth factors, the stem cells differentiate into myeloid and 
lymphoid cells that carry tissue and humoral immune func- 
tions, respectively. Some lymphoid progenitor cells produced 
in the marrow mature in the thymus as T lymphocytes; others 
are produced and continue their maturation and differentiation 
in bone marrow as B lymphocytes from the 12th gestational 
week throughout life.'° Therefore, the bone marrow and thy- 
mus are primary lymphoid organs of antigen-independent pro- 
genitor lymphoid cell proliferation and differentiation, which 
gives rise to new lymphocytes. These new lymphocytes may 
then populate the secondary lymphoid organs such as lymph 
nodes, spleen, and lymphoid apparatus of the gastrointestinal 
tract. Under appropriate stimulation, the mature lymphocytes 
of the peripheral lymphoid organs undergo antigen-dependent 
effector cell proliferation, resulting in cytokines and antibody 
production from T and B lymphocytes, respectively. !! 


Hematogones 

Hematogones are normal cellular constituents of bone 
marrow that resemble small- to intermediate-sized lympho- 
cytes,'* They range in size from 10 to 20 jum and have a 
high nuclear-to-cytoplasmic ratio and smooth, smudged 
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FIGURE 3-5 A lymphocytic nodule (follicle) in bone marrow as shown 
here may alter very significantly the marrow differential count when 


aspirated and give a false impression of lymphocytic malignancy, (H&E 
magnification x200) . 
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homogeneous chromatin.'? Their cytoplasm is deeply baso- 
philic and devoid of any granules or vacuoles (Figure 3-6). 
Hematogones are thought to be committed progenitor cells 
of lymphoid lineage, B-lymphocyte precursors.'*!*"* Their 
numbers are increased in normal infants, older children, 
and sometimes in adults (in regenerative marrow after che- 
motherapy and bone marrow transplantation), as well as in 
marrows of children with neuroblastoma with or without 
metastasis, iron-deficiency anemia, and idiopathic throm- 
bocytopenic purpura.'*'> These cells closely resemble blasts 
of lymphoblastic leukemia, and laboratory personnel should 


be aware of the conditions in which their numbers may be 
increased."* 


Marrow Stromal Cells 

The meshwork of stromal cells in which the hematopoietic 
cells are suspended is in a delicate semifluid state and is com- 
posed of reticulum cells, histiocytes, fat cells, and endothelial 
cells.’® The reticulum cells are associated with fibers that can 
be visualized after silver staining. They are adjacent to the 
sinus endothelial cells, forming the outer part of the wall as an 
adventitial reticulum cell.'* Their fine cytoplasmic projections 
extend deep into the cords, contacting with similar projections 
of other cells.'* Occasionally, the nuclear region of these cells 
can be seen deep in the cords surrounded by granulopoiesis. 
Cytochemically, these cells are alkaline-phosphatase positive 
(Figure 3—7). Histiocytes or macrophages are seen as peri- 
sinusoidal cells related to the bone marrow-blood barrier.'” 
The macrophages are the central storage area of the erythro- 
poietic islands in the bone marrow. As storage nutrient cells 
that deliver iron to the growing immature erythroblasts, the 
storage macrophages send out long, slender cytoplasmic pro- 
cesses that envelop the erythroid precursors. This extensive 
and intimate contact with the maturing erythropoietic cells 
is necessary in transferring iron from the macrophage to the 
red cell precursors. As phagocytic cells, the macrophages also 
undergo hyperplasia when there is increased destruction of 
hematopoietic cells. Histochemically, the macrophages are 
acid-phosphatase positive (Figure 3-8). 


FIGURE 3-6 An arrow points toward a hematogone showing high nucle- 
ar-to-cytoplasmic ratio, homogeneous chromatin, and scant cytoplasm. It 
can be confused with a blast of lymphoblastic leukemia. (Wright-Giemsa, 
magnification x1,000) 


FIGURE 3-7 Analkaline phosphatase-stained reticulum cell extends its 
slender cytoplasmic projections deep in the hemopoietic cord, maintain 
ing an intimate contact with granulopoiesis. The background cells are 
stained with neutral red. (magnification x600) 


FIGURE 3-8 Two acid phosphatase-positive macrophages in bone mar 
row of a patient treated with chemotherapeutic agents. Macrophages a ° 
also scavengers and cleaners of the hematopoietic tissue, so they increa- 
in number during massive destruction of hematopoietic cells. (magnific 
tion x600) 


The stromal cells produce an extracellular matrix co! 
posed of collagens, glycoproteins, proteoglycans, and 01! 
proteins.'’ This extracellular matrix is essential in main! 
ing normal renewal and differentiation of marrow cells.’ |“ 
bone marrow consists of red marrow (hematopoietic ac!’ 
and fatty yellow marrow (hematopoietic inactive). The ‘a 
row cellularity is estimated as a percentage of red marro\' , 
total marrow. The fatty yellow marrow (adipose cells) “" 
vary in amount according to the age of the patient and ‘A 
skeletal location from where the marrow is obtained. 11)" ” 
children, most of the marrow is composed of red (hemator” 
etic active) marrow with only a few fat cells present. The i 
pose tissue gradually increases after 4 years of age. !" ee 
fat cells average about 50% of the total marrow ‘°"" 
the vertebrae and flat bones of the pelvis.!® The ™*" a the 
and the extracellular matrix are dynamic tissues similar 4 
hematopoietic tissue, and these may be altered rapidly 


ease states. 
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bone marrow is a highly vascularized tissue from 

ch endothelial cells can occasionally be aspirated, Endo- 

cells are more visible in hypoplastic marrows and 
not be mistaken for metastatic tumors (Figure 3-9). 


ue mast cells (Figure 3~10) measure 6 to 12 im in diameter, 
connective tissue cells of mesenchymal origin, and are nor- 
present in the bone marrow in varying numbers.!? They 

have a round or oval reticular nucleus and abundant blue-purple 
ules that obscure the nucleus. Their granules, in addition to 
ther substances that are present in the granules of basophils, 
fain serotonin and proteolytic enzymes.” The numbers of 
cells can be increased in chronic infections, autoimmune 
es, chronic lymphoproliferative disorders, and especially 
ic mastocytosis.'*-?° 


sone-Forming Cells 

Inmarrow aspirates, cells are occasionally seen originating from 
bone tissue. Osteoblasts are bone matrix-synthesizing cells 
usually found in groups.” They are up to 30 um in diameter 


FIGURE 3-9 A string of endothelial cells aspirated from hypocellular 
marrow. The nuclei are elongated and slightly tapered. The cytoplasm Is 
ansparent and barely visible. (Wright-Giemsa, magnification x600) 


OW aspirate in a background of erythroid hyperplasia, Numer- 
laf round granules fill their cytoplasm and obscure the nuclear 
ght-Giemsa, magnification x600) 
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and resemble plasma cells.’ The osteoblast nucleus has a fine 
chromatin pattern with a prominent nucleolus. A perinuclear 
halo, detached from the nuclear membrane with a cytoplasmic 
bridge, represents the Golgi apparatus area. Osteoblasts are 
alkaline-phosphatase positive. They are characteristically seen 
in bone marrow aspirates of children and patients with metabolic 
bone diseases." 

Osteoclasts, or bone remodeling cells, are multinucleated 
giant cells more than 100 rm in diameter, resembling mega- 
karyocytes.” The nuclei of the osteoclasts are separate from 
each other and may have nucleoli (compared with the mega- 
karyocyte nucleus, which is multilobed).”” Their cytoplasm 
is well delineated and finely granular. 


Bone Marrow Function 


The main function of the marrow is to supply mature hema- 
topoietic cells into the peripheral blood in a steady-state 
condition as well as to respond to increased demands. A 
semidormant pool of pluripotential stem cells maintains a 
self-renewal property. Granulocytic, monocytic, eosino- 
philic, erythroid, and megakaryocyte progenitor cells are 
influenced in their differentiation by colony-stimulating 
factors (CSFs).**° CSFs are produced by T lymphocytes— 
as well as stromal cells, fibroblasts, endothelial cells, and 
macrophages—when stimulated by monocyte interleukin-1 
(IL-1) and tumor necrosis factor (TNF). Some CSFs, such as 
IL-3 and granulocyte-monocyte CSF, have a broad influence 
and are required throughout proliferation and differentia- 
tion of progenitor cells. Others, which include granulocyte, 
monocyte, and eosinophil CSFs, are lineage-specific and 
regulate division and differentiation only of corresponding, 
committed progenitor cells. 

Erythropoiesis is influenced by EPO produced in the 
kidney.* In the process of cell egression from the cords 
to the circulation, several releasing factors are identi- 
fied. The best characterized of these are granulocyte 
colony-stimulating factor (G-CSF) and granulocyte— 
macrophage colony-stimulating factor (GM-CSF), but 
other factors may play a role.***5 The endothelial lining of 
the sinusoids forms a continuous, veil-like wall through 
which the mature cells migrate from extravascular sites 
into the circulation,’ This is accomplished by close contact 
between mature hematopoietic cells and endothelial cells. 
A transient migration pore is formed during such contact 
through which the mature cells pass into the circulation 
without loss of plasma to the extravascular pool.** It is 
evident that the bone marrow is subjected to a complex 
regulation by many cellular and humoral systems of the 
body, and any disease that affects these systems is likely 
to affect hematopoiesis,”° 


Indications for Bone Marrow Studies 


In 1929, Arinkin introduced bone marrow studies in the 
diagnosis of hematopoietic disorders.?” Once a formidable 
task, obtaining bone marrow tissue has become, with cur- 
rent improved techniques, a standard procedure. Several 
techniques have been devised, each having its own merits 
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and limitations.’ Bone marrow aspiration and bone marrow 
biopsy are usually performed concurrently.' 

Although obtaining bone marrow for examination carries 
little procedural risk for the patient, the procedure is costly 
and can be quite painful. For this reason, bone marrow studies 
should be performed only when clearly indicated or whenever 
the physician expects a beneficial diagnostic result for their 
patient (Table 3-1). Hematologic diseases primarily affecting 
the bone marrow and causing a decrease or increase of any 
cellular blood elements are among the most common indica- 
tions, It is not unusual for more than one blood element to be 
increased or decreased, as occurs in leukemias and some refrac- 
tory anemias. In these situations, a bone marrow study offers 
specific information, and it is usually required for a complete 
hematologic workup, diagnosis, and treatment planning* 

Systemic diseases may affect the bone marrow secondarily 
and require bone marrow studies for diagnosis or monitoring 
patients’ conditions. Patients having any of the solid malignant 
tumors may undergo bone marrow studies when the initial diag- 
nosis is established for evaluation of the degree of tumor spread 
and staging of the disease. On occasion, a bone marrow study 
may result in a diagnosis of unsuspected metastatic malignant 
tumor. During the course of the malignant disease, additional 
marrow studies may be performed periodically to monitor the 
status of tumor burden and its therapeutic response.** 

Infections manifesting clinically as “fever of unknown 
origin” may exhibit granulomas, focal necrosis, or histiocytic 
proliferations. Intracytoplasmic organisms may be seen in the 
marrow. Material for morphological studies and bacterial cul- 
tures may be collected simultaneously during a single proce- 
dure. The suspected diagnoses of disseminated tuberculosis, 
fungal infections (particularly histoplasmosis and crypto- 
coccosis), and some protozoan infections are frequently 


TABLE 3-1 Indications and Contraindications for a 
Bone Marrow Study 


Indications Contraindications 


Hematologic Severe Bleeding Diatheses 
+ Anemias, polycythemia + Severe hemophilia 

+ Unexplained leukopenia or * Severe disseminated 
leukocytosis intravascular 
Presence of blasts, immature, or coagulopathy 
abnormal cells in the circulation 

Unexplained thrombocytopenia or 

thrombocytosis 

* Evaluation of plasma cell disorders 

+ Evaluation of unexplained cytopenias 


Systemic Diseases 

+ Staging and management of solid 
malignant tumors arising elsewhere 
in the body, such as lymphomas, 
carcinoma, and sarcomas 

+ Infections or fever of unknown origin, 
granulomas 

+ Hereditary or acquired metabolic 
disorders 

* Systemic mast cell disease 


z 


confirmed through such studies. Hereditary ang 
conditions occasionally involve the bone marrow }, 
(e.g., Gaucher’s disease as shown in Figure 3-1] 


quite 
IStlocyte, 
» Sea blue 
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histiocytosis, hemophagocytic syndrome, and Others), 
ple procedure such as bone marrow aspiration or bio 
establish the diagnosis. 


- ADVANCED CONTENT 


Since bone marrow aspiration is an invasive procedy,, 
pathologists are required to evaluate the medical neces.,, 
of the procedure by considering the patient’s history, ¢|ip. 
ical differential diagnosis, and/or review of the periphe:y 
blood morphological slides. At the time the bone marroy, 
samples are obtained, review of cellular morphology mus 
be done in a timely manner so samples can be examined 
appropriately. 


CRITICAL THINKING QUESTION 
3-1 Would an increased neutrophil concentration alone 
indicate the need for a bone marrow study? 


See answers to all Critical Thinking Questions at the ba 
of this book. 


Obtaining and Preparing Bone Marrow 
for Hematologic Studies 


The sites for bone marrow studies in adults are most co! 
monly the posterior superior iliac crest, occasionally | « 
sternum, and very rarely the anterior superior iliac crest a’ 
spinal processes or vertebral bodies** (Figure 3-12). Steri 

aspiration should be avoided in children, as well as in patien 
with multiple myeloma and metastatic carcinoma, becau 
these diseases can cause thinning and erosion of bone, th. 


ners 


FIGURE 3-11 Bone marrow biopsy showing a collection of Gauct 


(H&E, magnification x600) 
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Sternum 


Anterior 
superior 
iliac crest 


on sites from which bone marrow is obtained for 


the chance of perforation and causing potentially 
complications.”* Occasionally, when a localized 
is visualized on x-ray or computed tomographic 
directed or “open” bone marrow biopsy of the 
performed by a radiologist or surgeon in an 
ig room with the patient under anesthesia. In newborns 
a bone marrow sample can be obtained from the 
the tibial bone. 

orming the procedure, the provider should 
lult patient or the parent or guardian of a child 
. its risks, and the expected benefits for the 
ss. The bone marrow procedure cannot be 
fil a consent form is signed and witnessed by 
commonly the patient’s nurse. The actual 
fien performed with the assistance of a medi- 
entist. Although the provider performs the 
ind the nurse attends to the patient, the medical 
peyes full attention to the processing of the 
e that the samples are adequate. If they are 
is informed immediately so that the proce- 
ed before the patient is discharged. Samples 
appropriately for histologic, flow cytometric, 
(fluorescent i in-situ hybridization) microbi- 
ieroscopic, molecular, and other studies as 


lar case.'”* 
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In experienced hands, complications of bone marrow 
biopsy and aspirate are very rare (0.1%). These rare com- 
plications include pain, bleeding or infection at the biopsy 
site, transient neuropathy, and osteomyelitis. After the pro- 
cedure, the patient is advised to lie on the biopsy site, which 
should be reevaluated in 15 to 30 minutes for any bleeding 
or oozing. 


Equipment 

The instrument tray used to perform a bone marrow procedure 
should contain enough equipment to complete the procedure 
and to prepare the tissues obtained for the appropriate studies 
(Box 3-1). Complete bone marrow trays are sold as dispos- 
able equipment, which is convenient and avoids the risk of 
transmitting infectious diseases. 

Several different styles of aspiration and trephine bone 
biopsy needles or instruments are commonly used. Most 
instruments used today are patterned on the needle introduced 
by Jamshidi.?* These instruments are produced in several 
sizes for both adult and pediatric patients. An example of the 
Jamshidi bone marrow biopsy/aspiration needle for adults is 
shown in Figure 3-13. Modifications of the original aspiration 
and trephine needles have been developed by different com- 
panies and are manufactured as disposable equipment. 


Supplies for Bone Marrow Aspiration 


and Biopsy 


Required Materials 

30-mL syringes 

* 20-mL syringes 

* 10-mL syringes 

* 5-mL syringes 

* 2% Lidocaine 

* Prepodyne prep 

* Alcohol (70%) or prep 

* 23-Gauge needles 

+ 21-Gauge needles 

+ Bone marrow biopsy/aspiration needle 11-gauge x 4 in. 

+ Filter papers 

Buffered formalin 10% with a pH of about 6.8 or other fixative 
for histologic processing of bone biopsy and marrow particles 
* Tube containing liquid EDTA anticoagulant 

* One box of slides 

* One slide folder 

* One rubber bulb 

* Pasteur pipet 

* Petri dish 

+ Sterile blades 

* Gloves (several pairs of different sizes) 

* Sterile gauze and cotton balls 

* Applicator sticks 

* Bandage 

Culture bottles for bacterial culture, (Note: Save some bone 
marrow specimen in syringe for tuberculosis and fungal 
cultures, when indicated.) 

Pencil to label slides 

No. 11 Bard Parker blades 


ee 


. 
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FIGURE 3-13 “Jamshidi Evolve™ Bone Marrow Biopsy Needle with Speci- 
men Cradle.” (Courtesy and © Becton, Dickinson and Company.) 


Aspiration 


A bone marrow aspiration may be performed as an independent 
procedure or in conjunction with a bone marrow biopsy.?? The 
procedure can be performed in the outpatient setting in clinics 
or in the physician’s office. As a rule, children and very appre- 
hensive patients receive a mild sedative before the procedure. 

The site selected is shaved, if needed, and washed with 
soap. Then an antiseptic is applied, and the area is draped with 
sterile towels. A local anesthetic such as 1% to 2% lidocaine 
(Xylocaine) is infiltrated into the skin, in the intervening tis- 
sues between the skin and bone, and in the periosteum of the 
bone from which the marrow is to be obtained. A cut of about 
3 mm is made through the skin with a Bard-Parker blade to 
facilitate piercing skin and subcutaneous tissue. 

The provider penetrates the bone cavity with an aspira- 
tion needle, assembled with guard and stylet locked in place. 


~~ 


When the marrow cavity is penetrated, the stylet js 
a syringe is attached to the free end of the needle me 
plunger is quickly pulled, drawing 1.0 to 1.5 mr, of the 
particles and sinusoidal blood into the syringe. Because 
vacuum created in the syringe is important for rapid atid a 
cient suctioning of the cells and particles, the syringe <j. 
be 10 mL or larger with a well-fitting plunger. Despite 
of local anesthesia, the patient normally experiences discom 
fort during the aspiration process (aspiration pain), Accom, 
plishing the aspiration with a quick and continuous pull op the 
plunger diminishes the patient’s discomfort and decreases th 
chance of clotting the specimen. A clotted specimen is usele«, 
for smear preparation because the fibrin threads strip the cys. 
plasm off the cells and hamper their spreading. 

Keeping the volume of the initial aspirate small also pre. 
vents dilution of the sample with large amounts of sinusoida| 
blood, thus improving the quality of the aspirate. This firs. 
aspirated material is used immediately for preparing smears 
Additional aspirate may be obtained in separate syringes i 
needed for flow cytometry, chromosome studies, bacteria| 
cultures, and other tests (Figure 3-14). Once an adequate 
aspirate is obtained, the quality of the smear depends entire| 
on the medical laboratory scientist’s skill and speed in prepar- 
ing the smears and preserving the morphology of the marro. 
cells. Part of the first aspirate is used for the preparation 0! 
direct and marrow particle smears. Another portion is placed 
in an ethylene diaminetetraacetic acid (EDTA) anticoagu- 
lant-containing tube for use as a particle preparation. If som: 
aspirate remains, it can be left to clot. The clot may be fixed 
in 10% buffered formalin or another chosen fixative an! 
processed for histologic examination. The preferred antic:- 
agulants for ancillary studies performed on the bone marro 
aspirate are EDTA for flow cytometry and molecular, ar 
sodium heparin for cytogenetics and FISH. If the aspiratic 
attempt is unsuccessful (a “dry tap”), an additional core biop:\ 


remove 


Marroy 


Should 
the Use 


BONE MARROW SAMPLING METHODS 


Aspirate 


Biopsy 


FIGURE 3-14 Distribution of bone marrow sample. EDTA = ethylene diaminetetraacetic acid; M:E = myeloid-to-erythroid ratio. (Note: Fluorescence " 
hybridization [FISH] studies can be performed on aspirate smears, touch preparations, and all of the tissue sections.) 
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‘may be obtained (placed in saline or RPMI ~ Roswell Park 

morial Institute medium) for flow cytometric and possibly 
‘other ancillary studies. In these situations, touch preparations 
‘of the core biopsy are useful for Wright-Giemsa-stained mor- 
phol ical evaluation, as well as cytochemical and fluores- 
cence in situ hybridization (FISH) studies, if needed. 


pre tion of Bone Marrow Aspirate 

necessary materials, preservatives, and slides should be 

ticulously clean and in readiness to avoid any delay. The 

aspirate in the first syringe contains mostly blood admixed 

wii aro cells, and particles of marrow tissue, which 
should be used for smears. Several direct smears can be 

prepared immediately, using the technique for blood film 


preparation.** A small drop is placed on a glass slide, and 
the blood and particles are dragged behind a spreading slide 
with a technique similar to that for preparing blood films. 
this method of preparation preserves the cell 
nc logy well, it is inadequate for the evaluation of the 
cells in relationship to each other and for the estimation of 
7 w cellularity. 
ears of marrow particles are prepared by pouring a 
amount of the aspirate on a glass slide. The marrow tis- 
Seen as gray particles floating in blood and fat droplets. 
jarticles are aspirated selectively with a plastic dropper 
ord pipette and transferred to a clean glass slide, which 
d gently with another slide. The two slides are pulled 
bosite and parallel directions to smear the particles with- 
ing the cells. Some people recommend an alternate 
ue using two cover slips. In this process, the marrow 
are squashed between two cover slips, which are then 
ed apart. 
chniques for preparing particle smears vary from person 
on and from laboratory to laboratory. The aspirate may 
sferred into a watch glass and the particles collected 
illary pipette or the broken end of a wooden stick 
With experience, one usually adapts a technique 
s production of high-quality slides. The medi- 
Scientist should prepare an adequate number 
of smeared marrow particles. In cases of newly 
i acute leukemia, no fewer than 10 slides should 
ese are needed for histochemical stains such 
ase, Sudan black B, naphthyl AS-D chloro- 
alpha-naphthyl butyrate esterase, iron, and 


smears are used in the evaluation of cellu- 
marrow biopsy is ideal) and the relationship of 
ch other. Well-prepared smears have the added 
xeellent cell morphology, allowing subtle 
maturation and cytoplasmic inclusions to be 


and particle smears should be labeled at the bed- 
Patient's name, identification number, and the 
air-dried. 
¢ Marrow Particle Preparation 
harrow particles obtained during the aspiration 
© processed for histologic examination. The 
, admixed with blood, may be left to clot, then 
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fixed in 10% buffered formalin and processed for histologic 
sectioning. However, better results are obtained if the blood 
and particles are transferred to an EDTA anticoagulant— 
containing tube before clotting sets in. The blood and parti- 
cles are then filtered through histo-wrap filter paper, and the 
concentrated particles enfolded in the paper are fixed in 10% 
buffered formalin. In the histology laboratory, these particles 
are collected by scraping the paper and then embedding the 
particles in paraffin for further processing. 


Bone Marrow Core Biopsy 

A bone marrow core biopsy is especially indicated when the 
marrow cannot be aspirated (“dry tap”), owing to patholog- 
ical alterations encountered in acute leukemias, myelofibro- 
sis, hairy cell leukemia, and other disorders. A trephine bone 
marrow core biopsy is also performed for the diagnosis of 
neoplastic and granulomatous diseases. In multiple myeloma 
and for staging of lymphomas or solid tumors, bilateral 
posterior superior iliac crest biopsies are recommended, as 
increased sampling size enhances the likelihood of capturing 
a focal process. An adequate biopsy sample is at least 15 mm 
in length.*! 

When a bone marrow biopsy is performed in conjunction 
with a marrow aspiration, customarily the biopsy sample is 
obtained after the aspirate. This sequence is usually achieved 
by changing the direction of the needle to avoid the aspiration 
artifact. However, this technique may result in an aspiration 
artifact with hemorrhage into the area of the biopsy site, lead- 
ing to difficulties in evaluating cellularity and morphology 
(Figure 3-15). Therefore, a core biopsy sample should be 
obtained before the aspiration or the marrow biopsy proce- 
dure is to be performed through a new puncture site in the 
anesthetized area. In some cases when flow cytometry is indi- 
cated and the aspirate is difficult to obtain (e.g., in patients 
with hypercellular marrow, hairy cell leukemia, or marrow 
fibrosis), an additional core marrow biopsy may be obtained 
in normal saline or RPMI. Adequate cell suspensions can then 
be made from this biopsy sample and processed for flow cyto- 
metric studies. 


Wer * 3 
FIGURE 3-15 Bone marrow biopsy specimen showing aspiration artifact 


that can affect the cellularity and alter the relationship of cells to each 
other. (H&E, magnification x200) 


\ 
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Preparation of Trephine Biopsy 

Touch Preparation 

The bone marrow core biopsy sample is supported lightly 
without pressure between the blades of forceps and touched 
several times on two or three clean slide surfaces. The biopsy 
core sample should not be rubbed on the slide, because rub- 
bing destroys the cells. The slides are air-dried. The touch 
preparations are fixed in absolute methanol and stained 
with Wright-Giemsa stain. In the absence of a good aspirate 
smear, the touch preparations may be the only source for 
studying cellular details and the maturation sequence of the 
bone marrow biopsy sample. For example, in a case of hairy 
cell leukemia, dry taps are common and cellular morphology 
by Wright-Giemsa-stained touch preparation may be a useful 
clue to the diagnosis and allow cytochemical staining pro- 
cedures, such as tartrate-resistant acid phosphatase (TRAP) 
(Figs. 3-16 and 3-17). Sometimes the touch preparations 
contain enough cells to obtain differential counts and blast 
evaluation, and to perform histochemical studies.2° 


FIGURE 3-16 Wright-stained bone marrow touch preparation from a 


patient with hairy cell leukemia. Aspirate was a dry tap. A few diagnostic 
hairy cells are seen with abundant, fluffy, light blue cytoplasm and incon- 
spicuous nucleoli, (magnification x1,000) 


* . 
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FIGURE 3-17 Tartrate-resistant acid phosphatase (TRAP) stain showing a 
strong positive reaction in neoplastic cells which is useful in the diagnosis 
of hairy cell leukemia. (magnification 1,000) 


> ADVANCED CONTENT 


_ Histologic Bone Marrow Biopsy Preparation 

The biopsy specimen is immersed without delay jp 

or 10% buffered formalin fixative. Histology laboratee” 
may have a choice of other preferred fixatives at 
Zenker’s solution, Carnoy’s solution, and others, fter he 
ation, the biopsy specimen undergoes standard histolors 
processing of decalcification, dehydration, embedding, 
paraffin blocks, sectioning of 2- to 3-11m thick sections 
and histologic staining. The advantage of the bone Marry, 
biopsy is that it represents a large sample of marrow, and 
bone structures in their natural relationships. A Variety of 
_ different stains can be used to demonstrate marrow (ro, 
_ reticulum, and collagen. However, because of decalci. 
fication, the core biopsy may not be a good method {o, 
_ studying marrow iron stores, as the processing leaches 
iron from the tissue, which may be underrepresented jn th: 
iron stain. Acid-fast organisms and fungi in granuloma. 
tous diseases may be detected quickly with specific stains 
offering great advantages in diagnosing these infections 
_ (Figs. 3-18, 3-19, and 3-20). For example, mycobacteria! 
cultures may require weeks of incubation to show growth 
of organisms, whereas on tissue sections, the histologic and 
etiological diagnosis may be made within 10 to 12 hours 
When metastatic tumors and lymphomas are found in the 
bone marrow, immunohistochemical stains can be used on 
histologic sections to demonstrate specific tumor markers 
| (Figs. 3-21, 3-22, and 3-23). Thus, a very precise diagno- 
sis of the origin of a tumor can be made without elaborat: 
expensive, and invasive techniques. 

A disadvantage of the bone marrow biopsy is that fin: 
cellular details are lost in the processing; therefore, it is 0’ 
little value in the diagnosis of myelodysplastic syndrome: 
and subtyping of acute leukemias. In these situations, th: 
Wright-Giemsa-stained aspirates or core biopsy touc’ 
preparations may supply the missing morphological detai : 


4 : woo 
FIGURE 3-18 Bone marrow biopsy specimen from an HIV-positive 
' patient with tuberculosis shows a well-formed granuloma. (H&E, 


; magnification x200) 
{ 
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3-19 Acid-fast stai i i 
Be retentas in pe biopsy specimen from FIGURE 3-22 Immunohistochemical stain for prostate-specific antigen 
= Sh Mycobacterium. Sscricstion vi a ganisms, suggesting (PSA) performed on a marrow biopsy specimen from the same patient as 
(000) in Figure 3-21. The specimen shows positive staining with PSA, thus con- 


firming that the metastatic tumor is from prostate. (magnification x600) 


20 GMS (Gomori’s methenamine silver) stain on bone marrow 
en from an HIV-positive patient shows multiple budding 
ent with histoplasmosis. (magnification x1,000) 


: FIGURE 3-23 Aspirate smear from a patient with metastatic prostate c; 
Marrow biopsy specimen from a patient with meta- cinoma to the bone marrow. Note the cohesive crowded groups of la = 
‘shows glandular formation, a morphological feature of neoplastic cells (A) and glandular formation (B) suggesting adenoc rge 
(H&E, magnification 600) noma, (Wright-Giemsa, magnification x600) at 
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(Figs. 3-24 and 3-25). Multiple touch preparations also 
offer an opportunity for histochemical stains (myeloperoxi- 
dase, Sudan black B, naphthyl AS-D chloroacetate esterase, 
a-naphthyl butyrate esterase, etc.), which are essential in 
the classification of leukemias. Molecular genetics stud- 
ies and FISH, though preferred on fresh tissue, can be 
performed on paraffin-embedded, formalin-fixed marrow 
biopsy specimens. Molecular testing may be used to eval- 
uate B-cell or T-cell lymphomas, various leukemias, myel- 
odysplastic syndromes, myeloproliferative neoplasms, and 
minimal residual disease. 

Trephine bone marrow biopsy specimens may be embed- 
ded in methyl methacrylate, a synthetic plastic medium, 
and sectioned into 1- to 2-um thin sections without 


' ey ey i 
i FIGURE 3-24 H&E-stained bone marrow biopsy specimen from a patient 
| with acute lymphoblastic leukemia shows an increased number of blasts. 
Note that the blasts are not cohesive and are individually scattered. This 
is a morphological feature of hematolymphoid malignancy. Fine cellular 
details are lost in biopsy sections. (magnification x600) 


Wright-Giemsa-stained aspirate smear of acute lympho- 
kemia showing cytoplasmic and nuclear details useful in the 

acute leukemias. Compared with the metastatic tumor cells 
3-23, the blasts are not cohesive and scattered. 


decalcification. The morphological quality of the 
extremely well preserved, and a differentia} ine i 
done on hematoxylin—-eosin (H&E) or Glemsi- a " 
slides.“ However, this technique requires Specially a S 
personnel, equipment, and separate handling in the fen 
_ ogy laboratory, which increases the cost of the Frise aot 
_ The processing time of the tissue also increases, whicy, eS 
not be acceptable if rapid diagnoses are required, In , ie 
- tion, tissue embedded in plastic media, instead of j 
‘may not be suitable for immunohistochemical 
bone marrow. 


Paraffin, 
Studies of 
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CRITICAL THINKING QUESTION 


3-2 Why is it so important for medical laboratory scientists to 
be at the bedside during a bone marrow procedure? 


Bone Marrow Examination 


The examination of the bone marrow aspirate smears should 
start at low magnification with a dry objective of 10x. Scan- 
ning the slide permits selection of a suitable area for exam- 
ination and the differential count. “Bare nuclei” should be 
avoided; such nuclei result from destruction of the marrow 
cells by squashing or stripping of their cytoplasm by fibri: 
threads. An area is selected in which the cells are well spread, 
intact, and not diluted by sinusoidal blood. When marrow p:'- 
ticles are examined, such areas are found at the periphery 0! 
the particles. At this low magnification, marrow cellularity 
also evaluated. The megakaryocytes are usually noted adj- 
cent to a spicule, about 5 to 10 per low-power field. Nonh:- 
matopoietic tumor cells infiltrating the bone marrow may al 
be seen at this magnification. These are usually larger than t' 
granulocytic or erythropoietic precursors and are scattered 
small groups and crowded clusters. Some show a glandul: 
configuration (see Fig 3-23). 

After the initial scan, immersion oil may be applied to t! 
slide and the examination continues on high magnificatic’ 
(high dry or oil immersion objective 50x or 100x), The his! 
magnification provides details of the nuclear and cytoplasm: 
maturation process (Fig. 3-26). The iron in histiocytes is vis’ 
alized as brown-blue granules. Cytoplasmic inclusions 0! ' 
diagnostic nature can be seen in histiocytes and granulocy'** 
Differential counts of bone marrow are performed under hi! 
magnification. 


Estimation of Bone Marrow Cellularity 

Cellularity is reflected in the ratio of nucleated hematoP’’ 
etic cells to fat cells. Bone marrow cellularity normally vatie® 
with age, and the estimated cellularity must be compare 
age-related normal ranges. At birth, the normal marrow gel 
larity is 100%. Thereafter, the cellularity gradually deere" 
Overall marrow cellularity in adults is about 50% (110° 
The general rule to estimate age-related normal ranges : 

100 minus age + 10. For example, the estimated pore! a 
row cellularity of a 40-year-old person would be 100 + 


(i.e., a range from 50% to 70%). 
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FIGURE 3-26 Smear of normal cellular marrow with normal maturation of 
erythropoietic, granulocytic, and megakaryocytic cells. (Wright-Giemsa, 
magnification x200) 


~ Cellularity may vary from area to area, and, therefore, esti- 
mated cellularity should represent the average percentage. If 
hypercellular (90%) and hypocellular (10%) areas are seen, 
this finding should be mentioned descriptively in the report 
because, i in such cases, an average cellularity may be difficult 
to estimate. The immediate subcortical region of adult bone 
peer is usually hypocellular compared with the deeper 
lary area. Therefore, sections that contain predomi- 

Subcortical bone are frequently suboptimal for assess- 
ue marrow cellularity. 

The bone marrow biopsy specimen is most reliable for 
assessment of cellularity, because it offers a large amount of 
ie for evaluation. However, the evaluation of cellularity 
be done on well-prepared aspirate smears or marrow 
particles, The best area for examination of cellularity in smears 
is the area between two uncrushed particles. The ratio of cells 
to fat is evaluated at low magnification (objective 10x), so 
that | larger areas are included in the field of observation. The 
empty spaces that result from the spreading of the cells but 
Are not occupied by fat cells are disregarded and treated as an 

act. The terms decreased or increased cellularity are used 
jer or more than the expected normal number of cells 
Precise evaluation can be achieved with experi- 
, and good reproducibility can be attained among several 
vers. The marrow cellularity can be expressed in per- 
iges, but this is best done on histologic sections of biopsy 
s (Figs. 3-27, 3-28, and 3-29). Marrow cellularity 
Stic value when it is related to the M:E ratio, which 
ulated after a differential count is performed. 

always important to look for any abnormal changes in 

trabeculae. Various conditions can alter the morpho- 
appearance of these trabeculae (Fig. 3-30). Marked 
8 of trabeculae (Fig, 3-31) can be seen in myelopro- 
hed (myelofibrosis with myeloid metaplasia), 
asteas thinning of trabeculae (Fig. 3- 32) can be seen in 
ts, in patients with acquired immunodeficiency syn- 
drome (AIDS) or other cachectic conditions, and after chronic 
administration. Various metabolic disorders can also 
‘alter the Morphology of bony trabeculae, Examples include 


a. 


FIGURE 3-27 Normal bone marrow biopsy specimen from a $0-year-old 
patient shows approximately 50% cellularity. (H&E, low magnification) 
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FIGURE 3-28 Markedly hypocellular bone marrow biopsy specimen from 
a 20-year-old patient. (H&E, low magnification) 


FIGURE 3-29 Hypercellular bone marrow biopsy specimen from a 
60-year-old patient with 80% cellular marrow, This patient was receiving 
growth factor therapy. (H&E, low magnification) 


a mosaic pattern, seen in patients with Paget’s disease, and 
resorption and cyst formation, in persons with hyperparathy- 
roidism and chronic renal failure. 

When lymphoid aggregates are seen in the bone marrow 
biopsy specimen, the differential diagnosis includes benign 


lymphoid aggregates and malignant lymphoma, Usy 
benign aggregates are small and well demarcated, Aon aly 
trabecular, and composed predominantly of small, roun ie 
phocytes with plasma cells at the periphery and blooq fe 
present within the aggregate (see Figs. 3-5 and 3-33), ey 
versely, malignant follicles are usually large with ill-defing, 
borders, paratrabecular, composed of atypical lymphocyte. 
and lack plasma cells at the periphery (Fig. 3-34), However ‘ 
neoplastic lymphoid infiltrate can also be interstitial, diffs 
and patchy. In some cases, immunohistochemical stains cap be 
performed on the marrow core biopsy to differentiate betwee 
benign lymphoid aggregates and malignant lymphoma, 
Bone marrow fibrosis may be found in patients with haip 
z - cell leukemia, in myeloproliferative and myelodysplastic syn- 
FIGURE 3-30 Bone marrow biopsy specimen showing normal bony dromes, SONERENES oN Celtic leukemia, after radiation, anj 
trabeculae. (H&E, low magnification) after toxic injury to the marrow. On routine H&E sections 
| streaming of marrow stroma and dilated sinusoids sugges 
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FIGURE 3-33 High-power view of the bone marrow biopsy froma 
60-year-old patient shows lymphoid aggregate (low-power view is seen 
Fig. 3-5). Note the presence of blood vessel and plasma cells at the perip 
ery of the lymphoid aggregate. (H&E, magnification x400) 


; FIGURE 3-31 Bone marrow biopsy specimen shows marked thickening of 
| ] bony trabeculae (osteosclerosis). (H&E, magnification x200) 


FIGURE 3-34 Bone marrow biopsy specimen shows a paratrabec ular : 

‘ lymphoid aggregate. This pattern of infiltration is most likely indicat" 
i FIGURE 3-32 Bone marrow biopsy specimen shows thinning of bony of involvement of the marrow by malignant lymphoma. (H&E 
trabeculae (osteopenia). (H&E, magnification x200) magnification x200) 


_— Al 


rosis; this finding can be confirmed and graded by 
jing reticulin and trichrome stains (Fig. 3-35). Nor- 
sional reticulin-positive fibers may be seen around 
vessels. The fibrosis can be graded as mild, moder- 
ere. In addition, a description of the fibrosis as fine 
, or focal or diffuse, may be helpful, especially when 
the improvement of a patient with myelofibrosis 
ent or bone marrow transplantation. Trichrome 
sually performed to detect any collagenous fibrosis, 
if present may indicate irreversible fibrosis. Fibrosis 
jer bone marrow conditions such as marked hypercel- 
acute leukemias may result in a “dry tap” when 
the aspiration procedure. However, if flow cytom- 
led, it is a good practice to obtain two bone marrow 
ples. One biopsy sample can be put in formalin 


ion is then made for flow cytometric studies. 


arrow Differential Count 

> marrow differential count is an excellent tool for 
rain g a novice in bone marrow morphology and is widely 
gnosing and following up patients with leukemias, 
anemias, myelodysplastic and myeloproliferative 
sms. Because of the compartmentalization of the hema- 
‘cells and high cellularity of marrow, at least 500 to 
leated cells need to be classified for a representative 
count. 

its during the first month after birth, dramatic alter- 
in the distribution of the different marrow com- 


chromatin and a high nuclear-to-cytoplasmic ratio 
distinct nucleoli.’! They are called hematogones and 
nt normal lymphoid progenitor cells.'* Hematogones 
be misinterpreted as blasts if the observer is unfamiliar 
ese characteristics (see Fig. 3-6).! In children up to 
Id, one-third or more of the marrow cellularity is 


CHAPTER3 Bone Marrow Structure and Function 75 


made up of lymphocytes. The lymphocyte number gradually 
declines to the normal adult level thereafter. 

In adult marrow, the lymphocytes are distributed randomly 
among the hematopoietic cells and within lymphoid follicles. 
This can introduce significant variation in the differential 
count from sample to sample in the same patient. Most adult 
marrow is composed of granulopoietic and erythropoietic pre- 
cursors. For the differential count, these are enumerated into 
different categories according to their stage of maturation. 
When adequate numbers of cells are tabulated, the percentage 
of each category is calculated. The ratio between all granulo- 
cytes and their precursors and all nucleated red cell precursors 
represents the M:E ratio. 

Some prefer to exclude the segmented neutrophils from the 
differential count as being part of the neutrophil storage pool 
of the marrow. The normal ME ratio in this case is between 
1.5 and 3. However, pathologists and hematologists who inter- 
pret the bone marrow histologic sections of particle clot and 
biopsies in conjunction with marrow smears include the seg- 
mented neutrophils in the differential counts, because these 
cannot be excluded in the evaluation of histologic specimens 
and are part of the marrow cellularity. The normal M:E ratio 
then is slightly higher and ranges between 2 and 4. The gran- 
ulopoietic tissue occupies two to four times greater marrow 
space than the erythropoietic precursors, owing to the shorter 
survival of the granulocytes in the circulation (i.e., neutro- 
phils, 6 to 10 hours, versus erythrocytes, 120 days). Changes 
in the survival of granulocytes and erythrocytes are reflected 
in changes in the M:E ratio. 

Megakaryocytes are not included in the differential count. 
Megakaryocytes are unevenly distributed, and a differen- 
tial count is a poor means for their evaluation. Usually, 5 to 
10 megakaryocytes are seen per microscopic field at low 
magnification (objective 10x). When clusters of megakary- 
ocytes and promegakaryocytes are seen in every field, it is an 
indication of megakaryocytic hyperplasia. In a normocellular 
marrow, finding fewer than two megakaryocytes per field on 
screening may indicate megakaryocytic hypoplasia. A marked 
increase or decrease in the number of megakaryocytes is easy 
to evaluate, whereas slight to moderate changes are difficult to 
judge and are better estimated on histologic sections of biopsy 
and particle specimens. 

Table 3—2 represents the data of normal marrow reference 
ranges used by CorePath Laboratories at San Antonio, Texas. 


Bone Marrow and Peripheral Blood Interpretation 
Based on Cellularity and M:E Ratio Changes 

A bone marrow aspirate or biopsy sample represents a min- 
ute part of a very large and dynamic organ. Its activity and 
responses are reflected in blood changes; therefore, evalua- 
tion of the bone marrow should always be done in conjunction 
with evaluation of the peripheral blood. In adults with 50% 
marrow cellularity, about 30% to 40% represents granulopoie- 
sis and 10% to 15% erythropoiesis, with an average M:E ratio 
of 4:1. An increase or a decrease in marrow cellularity with 
the normal M:E ratio usually indicates a balanced granulo- 
cytic and erythrocytic hyperplasia or hypoplasia, respectively. 
However, if cellularity changes occur simultaneously with the 
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TABLE 3-2 Differential Cell Count of Bon 


e Marrow in Percentage of Total Nucleated Cells* 


Reference Ranges — 


Birth to 1 Month — __ Children 
Undifferentiated Cells 0-2 0-2 yg at go al 
Ride So an “0-2 fo aC 
Promyeloctes : 7 Me i 0-4 0-4 0-4 
Myelocytes 
Neutrophilic 2-8 2-4 5-15 ~~ 5-20 
sina sath B08 03 0-6 = 
_Basophilic pee 0-1 0-1 0-1 “Te 
MetamyelocytesandBands — 
Neutrophilic 15-25 5-10 5-15 5-35 | 
Eosinophilic 0-5 1-5 1-8 0-5 | 
Basophiic 0-1 0-1 0-1 — | 
Segmented Neutrophils oe gin 5-15 3-10 5-15 5-15 | 
Pronormoblasts 0-3 0-1 0-2 0-15 
Basophilic Normoblasts 0-5 0-3 0-5 — ‘| 
Polychromatophilic Normoblasts 6-20 5-50 5-11 5-30 % 
Orthochromatic Normoblasts 0-5 0-2 0-8 5-10 ; 
Lymphocytes 5-15 5-20 5-35 10-20 
Plasma cells 0-2 0-2 0-2 0-2 


Monocytes 


*Normal reference ranges from CorePath Laboratories, San Antonio, TX. 


M&E ratio change, the interpretation requires a broader under- 
standing of hematopoietic tissue physiology and its reactions 
during disease. 

Cell morphology and the M:E ratio are well represented 
in random bone marrow specimens. The variations are not 
significant even when samples are compared from sternal 
and iliac crest aspirates. However, marrow cellularity is 
poorly represented in random smears; thus, this interpretation 
should be considered with some degree of reservation. Even 
large biopsy specimens may have a great degree of variation 
in cellularity. For these reasons, in diseases in which mar- 
row cellularity is crucial for the diagnosis (aplastic anemia, 
marrow hypoplasia), more than one bone core biopsy may be 
required. 

The Marrow and Blood Interpretation Based on Cellu- 
larity and M:E Ratio (Table 3-3) has been included to pro- 
vide both a simple guide and some basic information to the 
reader. It cannot serve as a diagnostic tool without the addi- 
tion of the patient’s clinical history and a clinical evaluation 
of the disease. The reader is also cautioned that the variety 
of problems frequently presented by different patients with 
the same disease may not fit within such a simple schematic 
concept. 


Bone Marrow Iron Stores 

The storage iron of the bone marrow is in the form of heme- 
siderin. The iron content of hemosiderin is higher than th.' 
of ferritin, Other components of hemosiderin are prote! 
ferritin aggregates, some lipids, and membranes of cellu. 
organelles. Hemosiderin can be seen on unstained smears : 
golden-yellow granules. On Wright-Giemsa-stained smea' 
it appears as brownish-blue granules. However, for mo. 
precise evaluation, Prussian blue reaction is used to demo! 
strate the intracytoplasmic iron of histiocytes and red 
precursors. The evaluation of marrow iron stores is essen". 
in the diagnosis of anemias and especially in refractory @'” 
dyserythropoietic anemias. When the morphological cha": 
teristic of the iron particles in the storage nutrient histioc) 
and erythroblastic precursors is an important diagnostic °°" 
sideration (e.g., in sideroblastic anemias), an iron stain !s pe 
formed on a particle smear. If the overall distribution of the 
amount of iron is of clinical importance (¢.g., jron-deficie™™ 
anemia, anemia of chronic inflammation (ACI), hemochre 
matosis, and others), then histologic sections of bone marro'’ 
biopsy sample, and/or marrow aspirate, and marrow clotie 
particles are stained for iron. The biopsy sample and the pe 
ticles are a more reliable source of information, beca¥>* the) 


” « 
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Bone Marrow Interpretation 


ount Bone Marrow Cellularity M:E Ratio 
Increased or decreased* Normal 
Decreased Decreased 
Normal or increased Increased 
Normal or increased Increased 
Normal or decreased Increased 
Normal or increased Decreased 
Normal or increased Decreased 
Decreased 


Normal 


Increased 
or decreased 


representation of cellularity in random specimen. 


large sample of hematopoietic tissue. Bone mar- 
amples for iron studies should be decalcified by 
helating method, which does not affect the stor- 
pid-acid decalcifying solutions extract iron and 
used in these cases. 

russian blue staining, hemosiderin and some fer- 
are seen as bright blue specks and granules 
Hemoglobin iron and dispersed ferritin do not 
al marrow iron is seen as fine cytoplasmic gran- 
histiocytes, and 30% to 50% of marrow erythro- 
n iron specks within mitochondria and are called 
. Clumps of iron easily seen at scanning magni- 
10x) indicate increased iron storage, whereas only a 
ks of iron found after searching several microscopic 
- or 100 magnification) indicates decreased iron 
hen no stainable iron is detected on the bone mar- 
or tissue sections, this indicates iron storage deple- 
sence. The storage iron may be reported as “absent,” 


» 5 * 2 
Prussian blue iron stain of a bone marrow smear shows a 
fase in marrow storage iron, thus ruling out the possibility of 
anemia. (magnification x200) 


Normal, increased, 


Normal 


Granulocytic hypoplasia A ee. ee 


Decreased neutrophilic survival or ineffective granulopoiesis ; 


Granulocytic hyperplasia 


Red cell hypoplasia 


Erythrocytic hyperplasia or ineffective erythropoiesis’ , 


Erythrocytic hyperplasia (polycythemia) _ a 


Marrow hypoplasia 


Ineffective myelopoiesis or hypersplenism 


unt is necessary to differentiate between erythrocytic hyperplasia and ineffective erythropoiesis. 


“decreased,” “adequate,” “moderately increased,” and “mark- 
edly increased,” or it can be given corresponding numerical 
values from 0 to 4, where 2 represents the normal or adequate 
iron stored in an adult. In children, however, iron is stored 
mainly in ferritin and does not stain with Prussian blue in nor- 
mal iron states. Some chronic derangements in iron metabo- 
lism (i.e., myelodysplastic syndromes) may result in aberrant 
ringing of sideroblastic iron around erythroblast nuclei; these 
cells are named ringed sideroblasts. 


CRITICAL THINKING QUESTION 
3-3 What is the significance of the Prussian blue stain? 


Bone Marrow Report 


The bone marrow report usually encompasses the following 
information: 


1. The name of the laboratory or physician’s office from 
which the report originates. 

2. The patient’s data, including age, unique specimen iden- 
tifier, and relevant clinical summary or clinical diagnosis 
such as recent chemo/radiotherapy or cytokine treatments. 

3. A description of material received for studies, such as 
smears of aspirate, marrow particles, and bone biopsy (or 
biopsies). 

4. Data from the complete blood count (CBC) and WBC 
differential count, and a description of the blood smear, 
preferably from the day on which the bone marrow spec- 
imen is obtained. A platelet count should be included, as 
well as a reticulocyte count, if available. 

5. The bone marrow differential count. 

6. A description of cellularity, M:E ratio, granulopoiesis, 
erythropoiesis, and megakaryocytopoiesis. Any change 
in the nonhematopoietic elements of marrow, such 
as hemophagocytosis, granulomas, microorganisms, 
metastatic tumor cells, histiocytic hyperplasia, or the 
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appearance of bony trabeculae, is included in this section 
of the report, The status of iron stores and special staining 
procedures performed are reported. 


. A description of histologic sections of marrow particles or 


bone marrow biopsy, 


- Cytochemistry or other investigative testing such as flow 


cytometry, molecular genetics FISH, cytogenetics, or 
microbiology. 


. The diagnostic conclusion, This should encompass sep- 


arate diagnoses of blood and bone marrow even where 
the same diagnosis is applicable to both; for example: 
Blood—pancytopenia, Bone marrow, left posterior iliac 
Spine aspirate and biopsy—myelodysplastic syndrome, 
refractory anemia with ringed sideroblasts; or Blood— 
acute myeloid leukemia minimally differentiated (WHO 
classification), Bone marrow, left posterior iliac crest 
aspirate and biopsy—acute myeloid leukemia minimally 
differentiated (WHO classification). 


SUMMARY CHART 


* The hematopoietic system consists of bone marrow, 
liver, spleen, lymph nodes, and thymus. In normal 
adults, hematopoiesis occurs mainly in the bone marrow. 


¢ The bone marrow is one of the body’s largest organs, 
representing 3.4% to 6% of total body weight and aver- 
aging about 1,500 g in adults. 


¢ The structure of the bone marrow consists of hema- 
topoietic cells (erythroid, myeloid, lymphoid, and 
megakaryocytes), adipose tissue, bone and its cells 
(osteoblasts and osteoclasts), and stroma, 

¢ Erythropoiesis takes place in distinct anatomic units 
called erythropoietic islands. 


e Granulocytic precursors are located deep in the hema- 
topoietic cords and around the bone trabeculae. 


© Megakaryopoiesis occurs adjacent to the sinus endo- 
thelium; megakaryocytes protrude as small cytoplas- 
mic processes through the vascular wall, delivering 
platelets directly to the sinusoidal blood. 


¢ Lymphocyte production is compartmentalized in 
lymphoid follicles, and lymphocytes are randomly 
dispersed throughout the hematopoietic cords. 


* Hematogones are normal cellular constituents of bone 
marrow that resemble small-to-intermediate sized lym- 
phocytes; they range in size from 10 to 20 uum, have a 
high N:C ratio and deeply basophilic cytoplasm, and 
are devoid of any granules or vacuoles. 

¢ The meshwork of stromal cells in which the hemato- 
poietic cells are suspended is in a delicate semifluid 
state and is composed of reticulum cells, histiocytes, 
fat cells, and endothelial cells. 


* Among the most common indicators for bone marrow 
studies are diseases that affect the bone marrow, causing 


In summary, bone marrow can provide repre 
picture of disease processes and has wide applicar.. 
ical medicine. Marrow examination has a Signi 
the evaluation of leukemias, lymphomas, plas,,,, ay 
ders, myeloproliferative disorders, myclodysp|as. d : 
myelofibrosis, metastatic tumors, various anemias 
matous diseases, infectious diseases, and Metabolic f 
in evaluating the status of engraftment after bone = 
transplantation; and in assessing chemotherapy effects 
medical laboratory scientist’s contribution in this Phase . 
sists of preparing the optimum blood and bone Marroy, a ; 
and performing the differential count. Examinatio, .. 
blood and bone marrow, correlation with the Clinical pr. 
tation, and diagnostic conclusions on each specimen are 4 
responsibility of a physician who has adequate training , 
experience to integrate all the available clinical and laborato, 
information in reaching the correct diagnosis, 


4tlon < 
ficans re 


ISor, 
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a decrease or increase in any of the cellular blood 
elements. 


e In adults, the most common site for bone marrow 
aspiration or biopsy is the posterior superior iliac crest: 
in newborns and infants, bone marrow is obtained from 
the upper end of the tibia, 


e Ina bone marrow aspiration, 1.0 to 1.5 mL of marrow 
particles and sinusoidal blood is drawn into a syringe; 
all direct smears should be prepared quickly from 
unclotted specimens and labeled at the bedside with 
the patient’s name, identification number, and date. 

¢ When marrow cannot be aspirated (“dry tap”), the 
common differential diagnosis includes acute leuke- 
mia, myelofibrosis, and hairy cell leukemia. 

¢ In the estimation of marrow cellularity (ratio of 
nucleated hematopoietic cells to fat cells) low-power 


magnification is used. Overall marrow cellularity in 
adults is about 50% + 10%. 


¢ When performing the marrow differential count, at 
least 500 to 1,000 nucleated cells are classified; the oi! 
immersion objective is used, and megakaryocytes are 
not included in the differential count. 

¢ The normal M:E (myeloid-to-erythroid) ratio for adul's 
is 4:1; granulopoietic tissue occupies a marrow space 
that is two to four times greater than that occupied by 
the erythropoietic precursors, 

¢ The storage form of iron in the bone marrow is 
hemosiderin, On Wright-stained smears, iron appears 
as brownish-blue granules. Decalcification leaches 
iron from the tissue and may result in an erroneous 
interpretation of absent iron stores in the core biopsy 


ss» 
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CASE STUDY 3-1 


P, HEN T NAME: John Doe 
pATHO! LOGY SERVICES, UNIVERSITY HEALTH SYSTEM 
HosPITA L NUMBER: XXXXXX 

SUR c AL PATHOLOGY ACCESSION NUMBER: S00-00000 
PHYSIC AN: Dr. Z 


BONE NARROW EXAMINATION GROSS DESCRIPTION 

n A; Specimen label, patient’s name, and right pos- 
iliac crest biopsy. Received in formalin is a 1.2 cm x 
|x 0.2 cm bone marrow biopsy sample. Entirely sub- 

r decalcification: block A. 

_B; Specimen label, patient’s name, and right 
r iliac crest aspirate. Received in EDTA are mar- 
articles that aggregate to 0.8 cm x 0.5 cm x 0.2 om. 
submitted: block B. 
' smears: 14 unstained and 4 Wright-stained sam- 
n the right posterior iliac crest, all labeled with 
S name. Touch preparations: 3 unstained and 2 
ined samples from the right posterior iliac crest, 
with patient’s name. 
0 received is bone marrow aspirate in one EDTA tube 
ometry and one sodium heparin tube for cyto- 
dies. 


WBC: 20 x 10°/L 
Manual differential 
Segmented neutrophils: 31% 
Bands: 1% 
Lymphocytes; 20% 
Monocytes: 2% 
Eosinophils: 1% 
Basophils: 1% 
Metamyelocytes: 4% 
Myelocytes: 3% 
Promyelocytes: 2% 
Blasts: 35% 


RBC: 2.5 x 10"/L 
Hab: 7.5 g/dL 


: moderate with occasional microcytes and few 
mild with a few teardrop cells and rare 


omasia: mild. NRBCs are present 2/100 WBCs 

ite blood cells display a left shift with increased 
circulating blasts. The blasts are of small size, 
mal variation, and have high nuclear-to-cytoplas- 
fine and lacy chromatin with occasional small 
- No Auer rods are seen. 
elet count is 5.0 x 10°/L. Few giant platelets are 
et clumps are noted. 


CHAPTER3 Bone Marrow Structure and Function 79 


Bone Marrow 

Examination of the bone marrow aspirate smears reveals 
hypercellular marrow with decreased megakaryocytes. Dif- 
ferential count performed on aspirate smears reveals: 


Pronormoblasts: 1% 
Basophilic normoblasts: 4% 
Polychromatic normoblasts: 4% 
Orthochromatic 

normoblasts: 7% 
Monocytes: 19% 
Lymphocytes: 1% 


Blasts: 65% 
Promyelocytes: 6% 
Myelocytes; 5% 
Metamyelocytes and 

bands: 4% 
Segmented neutrophils: 2% 


Blasts are markedly increased. The morphology of blasts 
is similar to that described in the peripheral smear. Resid- 
ual myeloid and erythroid precursors showing progressive 
maturation are seen in the background. The M:E ratio is 5:1. 

Cytochemical stains performed on the aspirate smears 
show that the blasts are negative for Sudan black B, myelop- 
eroxidase, specific and nonspecific esterase, and periodic 
acid—Schiff (PAS). 

Sections from the right iliac crest biopsy and right par- 
ticle preparation reveal hypercellular marrow (cellularity 
90%) with complete involvement by leukemic blasts. Scant 
residual trilineage hematopoiesis is seen in the background. 
Bony trabeculae are unremarkable. 


DIAGNOSIS 

Blood: 

Acute lymphoblastic leukemia, precursor B-cell (circulat- 
ing blasts 35%) 

Normochromic normocytic anemia, moderate 

Thrombocytopenia, marked 

Bone Marrow, Right Iliac Crest Aspirate Smears, Aspirate 
Particle Preparation, and Biopsy: 

Acute lymphoblastic leukemia, precursor B-cell (blasts 
65%, cellularity 95%) (see comment). 


COMMENT 

Flow cytometry performed on the bone marrow aspirate 

reveals a precursor B-cell phenotype. The blasts have the 

following phenotype: CD19, CD10, CD34, CD22, HLA-DR 

positive; and CD20, kappa (x, lambda (®) light chain neg- 

ative. Other T-cell and myelomonocytic markers are nega- 

tive. Cytogenetic studies are pending, and an amended report 

will follow. A call was made, and results were given to the 

patient’s physician. 

QUESTIONS 

1. Based on the initial CBC report, what conditions are 
preliminary indicated? 

2. Were the conditions right for a bone marrow study? 


ANSWERS: 
1. The low RBC count could indicate anemia. The low 
platelet count indicates thrombocytopenia. The WBC 
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CASE STUDY 3-1—cont’d 


count is increased, and the differential reveals immature 
cells, which could indicate a malignant cell process. 

2. Yes, this patient has increases and decreases in multiple 
cell lines that need to be evaluated at the bone marrow 


PATIENT NAME: Jane Doe 


PATHOLOGY SERVICES, UNIVERSITY HEALTH SYSTEM 
HOSPITAL NUMBER: XXXXXX 


SURGICAL PATHOLOGY ACCESSION NUMBER: S$00-00000 
PHYSICIAN: Dr. Y 


HISTORY: 65-year-old woman with persistent pancytopenia 
and normal vitamin B,, and folate levels. 


BONE MARROW EXAMINATION GROSS DESCRIPTION 
Specimen A: Specimen labeled with patient’s name and 
right posterior iliac crest biopsy. Received in formalin is 
a 1.2 cm x 0.2 cm x 0.2 cm bone marrow biopsy sample. 
Entirely submitted after decalcification: block A. 
Specimen B: Specimen labeled with patient’s name and 
right posterior iliac crest aspirate. Received in EDTA 
are marrow particles that aggregate to 0.8 cm x 0.5 cm x 
0.2 cm. Entirely submitted: block B. 

Aspirate smears: 14 unstained and 4 Wright-stained sam- 
ples from the right posterior iliac crest, all labeled with 
the patient’s name. Touch preparations: 3 unstained and 
2 Wright-stained samples from the right posterior iliac crest, 
all labeled with patient’s name. 

Also received is additional bone marrow aspirate in one 
sodium heparin tube for cytogenetic studies. 


MICROSCOPIC DESCRIPTION 
Peripheral Blood 
CBC obtained from University Hospital on 06/22/06 


reveals: 


RBC: 3.0 x 10"/L WBC: 2 x 10°/L 

Hgb: 9.0 g/dL Manual differential 

Hct: 27% Segmented neutrophils: 55% 
MCV: 102 fL Blasts 2% 

MCH: 28 pg Lymphocytes: 30% 

MCHC: 32 g/dL Monocytes: 10% 

RDW: 19.0 Eosinophils: 2% 


Platelet count 10.0 x 10°/L Basophils: 1% 


There is moderate aniso-poikilocytosis with many macro- 
cytic red cells and few target cells. Coarse basophilic stip- 
pling is present. 

Polychromasia: minimal 

The white blood cells display few circulating blasts (2%). 
No hypersegmented neutrophils are seen. The platelet count 


level. Additionally, diagnosis cannot be made w 
histological review and flow cytometry studies ; 
relation with the peripheral findings. 


ithou 
N Cor. 


is 10.0 x 10°/L. Few large and hypogranular platelets are 
seen. No platelet clumps are noted. 
Bone Marrow 

Examination of the bone marrow aspirate smear reve), 
hypercellular marrow. Differential count performed o, 
aspirate smears: 


Blasts: 1% Pronormoblasts: 12% 
Promyelocytes: 8% Basophilic normoblasts: 25% 
Myelocytes: 9% Polychromatic normoblasts: 16% 
Metamyelocytes and Orthochromatic 

bands: 4% normoblasts: 7% 


Segmented neutrophils: 10% Monocytes: 4% 
Lymphocytes: 4% 


The M:E ratio is 0.5:1. There is an increase in erythroid 
precursors with moderate dyserythropoesis characterized 
by megaloblastoid changes, nuclear irregularity, binu- 
cleation, and nuclear fragmentation. Megakaryocytes are 
increased. Myeloid precursors are decreased in number 
and show progressive maturation to the neutrophil stage 
Only a few blasts are present, and no Auer rods are seen 
in their cytoplasm, 

An iron stain performed on the aspirate smear shows 
increased storage iron with many ringed sideroblasts. 

Sections from the right iliac crest biopsy and right par- 
ticle preparation reveal hypercellular marrow (cellularity 
90%) with increased erythroid precursors. Aggregates 
of blasts are not seen. No lymphoid aggregates or gran- 
ulomata are seen. Bony trabeculae are unremarkable 
Reticulin stain of the core biopsy did not show increased 
fibrosis. 


DIAGNOSIS 

Blood: 

Pancytopenia with macrocytic anemia (circulating 
blasts 2%) 


Bone Marrow, Right Iliac Crest Aspirate Smears, Aspirat¢ 
Particle Preparation, and Biopsy: 

Myelodysplastic syndrome, refractory anemia with ringe’ 
sideroblasts (cellularity 90%; blasts 1%) (see comment) 
COMMENT 
The patient’s serum B,, and red cell/serum folate levels ar 


normal. The presence of pancytopenia in conjunction w it 
a hypercellular marrow, red cell dysplasia, and many ringe¢ 


s is supportive of a diagnosis of a myelodysplas- 

5 refractory anemia with ringed sideroblasts 

inary cytogenetic studies performed on the 

ow a reveal clonal chromosomal abnormalities 

ling monosomy 7, del(7q). Results called to Dr. Y at 
y H ospital. 


marrow studies indicated in this patient? 


REVIEW QUESTIONS 


The average life spans of red cells, neutrophils, and 
Jets in the circulation are: 

a. 120 days, 7 days, and 10 days 

0 days, 7 days, and 10 days 

120 days, 6-10 hours, and 10 days 

30 days, 6-10 hours, and 10 hours 


ne marrow aspirate smears are more informative 
| the bone core biopsy in the diagnosis and 

‘ification of: 

nulomatous diseases 

cute leukemias 

etastatic carcinomas 

yaucher’s disease 


t reliable specimen on which to perform an iron 


ferentiating into any cellular line 
oducing antibodies 

lating the hemostasis system 
ating the complement system 


rate is unsuccessful (i.e., a “dry tap”), which 
ive processing steps are possible? 

h preparations of the core biopsy can be used 
t CBC test 

uch preparations of the core biopsy can be used 

‘ Wright-Giemsa morphological evaluation 

h preparations of the core biopsy can be used 
Coagulation tests 

h preparations of the core biopsy can be used 
am staining 
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2. Because there were iron evaluations in the bone mar- 
row study, which stains were likely utilized? 


ANSWERS 

1. Yes, the patient had persistent pancytopenia, which is 
decreased in all cell lines. 

2. Prussian blue was likely used to see the hemosiderin 
stores and the sideroblasts more clearly. 


6. The bone marrow’s cellularity is found in the: 
a, Yellow marrow 
b. Cartilage 
c. Red marrow 
d. Spleen 


7. Which of the following statements describes 
hematogones? 
a. They are malignant cells. 
b. They belong to the granulocytic series. 
c. They morphologically mimic blasts of lymphoblastic 
leukemia. 
d. They are most commonly seen in elderly individuals. 


8. Which is an example of antigen-independent 
proliferation? 
a. The proliferation of plasma cells 
b. The proliferation of NK cells 
c. The proliferation of a myeloblast 
d. T cells stimulating the proliferation of immune 
cells 


9. The most appropriate site for bone marrow studies in 
adults is: 
a, Anterior superior iliac crest 
b. Posterior superior iliac crest 
ec. Sternum 
d. Tibia 


10. The production of cellular components and response 
to increased need for cell lines is the main role of 
which structure? 

a. Liver 

b. Adrenal glands 
c. Bone marrow 
d. Spleen 
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11. Adult bone marrow should have a cellularity of which 
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percentage? 
a. 100% 
b. 75% 
c. 60% 
d. 50% 


a. Myeloid:Megakaryocytes 
b. Myeloid:Erythroid 

c. Megakaryocytes:Erythroid 
d. Monoblasts:Eosinophils 
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Variations in Red Cell Shape 


Heinz Bodies 
Cabot Rings 
Hemoglobin CC Crystals 
Hemoglobin SC Crystals 
Protozoan Inclusions 


Poikilocytosis Examination of Platelet Morphology 
Target Cells (Codocytes) Examination of White Blood Cell 
Spherocytes Morphology 
Aibeerade Immature White Blood Cells 
Valocytes and Elliptocytes hite Blood Cell Morpholo: 
jationsin Red Cell Distribution Sickle Cells (Drepanocytes) ane Cytoplasmic (nckistone” 
‘Normal Distribution Fragmented Cells Summary Chart 
ormal Distribution Burr Cells (Echinocytes) Case Study 4-1 
ns in Red Cell Size Acanthocytes (Thorn Cells, Spur Cells) Case Study 4-2 
Teardrop Cells (Dacrocytes) Review Questions 
Red Cell Inclusions References 


Howell—Jolly Bodies 
Basophilic Stippling 


Granules 


they pertain to automated hematology results. 
2 4 jst criteria for performing a manual morphology review. 


4-10 
ibe the steps involved in the examination of a 
4-11 
4-12 
fine anisocytosis and poikilocytosis. 4-13 
ntrast normal red blood cell distribution from 
rmal distribution patterns. 4-14 


chromic, and hyperchromic findings to their 
sponding red blood cell indices and probable 


Pappenheimer Bodies and Siderotic 


Describe target cells, spherocytes, ovalocytes, 
elliptocytes, stomatocytes, drepanocytes, 
echinocytes, and dacrocytes on a peripheral 
smear. 


Correlate abnormal red blood cell shapes with their 
pathophysiologies and diseases in which they are 
often seen. 


Describe the most common inclusions found in red 
blood cells, including their composition and the 
clinical conditions in which they may be seen. 
Contrast normal platelet morphology with abnormal 
platelet morphologies. 


Identify all five white blood cells on a peripheral 
smear. 

Identify changes in leukocyte morphology, including 
presence of cytoplasmic inclusions and nuclear 
changes when presented with various clinical 
conditions. 
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H ematology is a largely automated discipline; however, 
the foundational knowledge of blood cell morphology 
remains a crucial part of both comprehending this material 
and providing accurate results. Advancements in multichan- 
nel automated hematology analyzers make it seem as though 
the focus of learning hematology is primarily learning the 
technology of a complete blood count (CBC). Although these 
analyzers do provide quick, reliable, and accurate results, it 
is still important for practitioners of laboratory medicine to 
recognize the need for manual review, It is vital for medical 
laboratory scientists (MLSs) to remain competent in the deter- 
mination of cell morphology, including red blood cells, plate- 
lets, and white blood cells, 

This chapter begins by first defining and illustrating normal 
blood cell morphology. Abnormal morphology is then dis- 
cussed in terms of basic assessment techniques, with particu- 
lar emphasis on recognizing distinct morphology and relating 
it to possible clinical conditions. Physiological mechanisms 
are explained to give the reader a better understanding of 
abnormalities and how they relate to different disease states. 
A careful and thorough examination using light microscopy 
in the optimal area on a well-made, well-stained peripheral 
smear provides an experienced observer with valuable infor- 
mation about morphology, whether normal or abnormal.! 


Automation in the Hematology Laboratory 


Advances in hematology analyzers have significantly 
enhanced the ability of automation to perform and report a 
CBC analysis, from basic direct current impedance enumera- 
tion of cells to complex instruments that incorporate several 
different technologies in analyzers. Details on hematology 
automation are discussed later in Chapter 32: Automated 
Differential Analysis. However, it is important to understand 
when and why the review of a blood smear is indicated. 

Although analyzers have the capability to detect abnormal- 
ities when these results are flagged, an operator must under- 
stand that the results require critical evaluation before the 
results can be released to the ordering doctor. In most cases, 
the instrument will specify the result with an indicator (flag) 
such as a symbol (i.¢., an asterisk) or a high (H) or low (L) des- 
ignation depending on the abnormality. The required review 
may include a delta check, that is, current patient results are 
compared with prior history or match a parameter that auto- 
matically requests further testing. This is referred to as reflex 
testing. Reflex testing of an abnormal or flagged result can 
include a slide review of abnormal morphology (usually scan- 
ning 8 to 10 oil immersion fields) and, if necessary, a com- 
plete white blood cell differential count. Investigating a delta 
check should include correlation with the patient’s clinical 
presentation. However, it can indicate sample integrity errors 
such as platelet clumping and sample mix-ups. Required man- 
ual morphology reviews are determined by the parameters set 
through individual laboratory policies based on financial and 
regulatory standards as well as medical considerations. 

With the development of sophisticated automated blood- 
cell analyzers, the number of CBC samples that require a 
blood smear has steadily diminished. In many clinical settings 
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it is 10% to 25%, depending on the facility 
tion.? Even so, the blood smear remains a crucial gi, 
aid. Maintaining medical laboratory scientist Compete 
the identification of cellular abnormalities must be A cine in 
ority in the laboratory. Bh py. 
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CRITICAL THINKING QUESTION. 


4-1 With the advancements in automated instrumentatic, 
why is it necessary for medical laboratory Science os 
fessionals to still have knowledge and skills Pertaining 
to performing peripheral blood smear review? 


See answers to all Critical Thinking Questions at the back 
of this book. 


Examination of the Peripheral 
Blood Smear 


All laboratories should have a documented protocol for ini- 
tiating a blood smear examination along with standardize; 
reporting guidelines. Considering that most of the blog 
smears that require review are abnormal, it is essential thy 
students be able to first recognize normal blood cell morphol- 
ogy. From there, they should be able to determine whether » 
cell is abnormal, classify it, and relate it to a disease state. 

Morphological abnormalities can often only be determine: 
by a blood smear. An analyzer can flag a result, but only a 
competent morphologist can identify many cellular abnor. 
malities. The microscopic examination of a peripheral blood 
smear provides a wealth of information to the clinician. It is 
used to detect or verify abnormalities and subsequently may 
provide the clinician with information from which a difler. 
ential diagnosis can be made. Various forms of anemia m:\ 
actually be diagnosed from abnormal red cell morpholos 
reported on a blood smear examination. The report of abno’ 
mal white cell morphology may indicate what additio~: 
testing may be required. Abnormal platelet morphology m.\ 
detect a platelet function deficiency even when normal nu: 
bers of platelets have been reported from the analyzer. 

The examination of the blood smear should include eva! - 
ation of the red cell, white cell, and platelet morphology. 1 
technologist should review at least 8 to 10 oil immersion fie)’: 
(OIF) to thoroughly evaluate the smear, The red cell morpholo:) 
evaluation should include examination for deviations in si 
shape, distribution, concentration of hemoglobin, color, and (': 
appearance of inclusions. The white cell morphology eval: 
tion should consist of differentiation of the white blood ce» 
and their overall appearance including nuclear abnormalit 
cytoplasmic abnormalities, and the presence of abnormal inc! 
sions that may denote a disease process. Platelet counts sho" - 
be verified, and in addition, the smear should be reviewed | 
platelet shape and size abnormalities, and for clumping. 

When abnormal morphology is identified on the smea!, '~ 
scientist must determine whether the abnormality is pos!” 
artifactual and not pathological. For example, refractile “"" 
facts may be the result of water or stain contamination *' 
should not be confused with red cell inclusions. Echinec)‘” 


dt 


nated cells may also be artifacts if practically every 
thin portion of the film has a uniformly spiculed 


ing describes the necessary steps in the exam- 
stained peripheral blood smear, 


wer (10X) Scan 
rmine the overall staining quality of the blood smear. 
mine whether there is a good distribution of the cells 


an the edges and center of the slide to be sure there 
io clumps of RBCs, WBCs, or platelets, 

Scan the edges for abnormal cells. 

d timal area for the detailed examination and 

ion of cells. 

Cs should not quite touch each other. 

Phere should not be areas containing large amounts of 

en cells or precipitated stain. 

BCs should have a graduated central pallor. 


er (40X) Scan 

mine the WBC estimate. 

estimate is performed under high power 
gnification). WBCs are counted in 10 fields 
ged. The estimate is reported according to the 


cation (high-power field) is equivalent to 
mately 2,000 cells per .L of blood. For exam- 
‘the average number of WBCs counted per high 
t field was 5, the WBC estimate would be 5 x 
or 10,000/.L. 

the WBC estimate with the WBC counts per 

m the automated instruments, 

the morphology of the WBCs and record any 
ities, such as toxic granulation, inclusions, or 


rsion (100) Examination 
or a 100 WBC differential count. 
Counting should be performed by moving in a zig-zag 
on the smear (Fig. 4-1). 
BCs are to be included until a total of 100 have 
n 0 nted. 

‘the RBCs for anisocytosis, poikilocytosis, 
asia, polychromasia, and inclusions. 


Estimation of Total WBC Count From the 
Peripheral Blood Smear 


Estimated Total WBC Count/mm’ 
4000-7000 
7000-10,000 
10,000-13,000 
13,000-18,000 
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3. Perform a platelet estimate and evaluate platelet 
morphology. 

* Count the number of platelets in 10 OIFs. 

* Divide by 10, 

* Multiply by 15,000/mm? if the slide was prepared by 
an automatic slide spinner; multiply by 20,000/mm? for 
all other blood smear preparations. 

4. Correct any total WBC count per mm? that has greater than 

10 nucleated red blood cells (NRBCs) per 100 WBCs. 

* When performing the WBC differential, do not include 
NRBCs in your count, but report them as the number 
of NRBCs per 100 WBCs. 

* Use the following formula to correct a WBC count: 


WBC/mm’ X 100 
100+No. of NRBCs/100 WBCs 


The examination of the peripheral blood smear is per- 
formed as part of the hematologic laboratory workup called 
the CBC. 


CORRECTED WBCS/mm = 


CRITICAL THINKING QUESTION 

4-2 Why is it important that the evaluation of WBC, RBC, and 
platelet morphology be conducted under oil immersion 
(100x), while broader evaluations may be performed 
under high-power (40x) magnification? 


The Normal Red Blood Cell 


To identify abnormal morphology, one must be competent 
in normal morphology identification and, more importantly, 
capable of differentiating them from abnormal cells. There- 
fore, we begin this section with a description of normal red 
blood cell (RBC) morphology. The mature erythrocyte (RBC, 
normocyte, discocyte) has a remarkable structure in that it 
lacks a nucleus and organelles, yet it has all components nec- 
essary for survival and function. It is described as a biconcave 
disc with a survival time of approximately 120 days in cir- 
culation. On a Romanowsky (i.e., Wright’s, Giemsa)-stained 
blood smear, this mature red cell has a reddish-orange appear- 
ance, The RBC has an average diameter of 7 to 8 zm and an 
average volume of 90 fL, The area of central pallor is approxi- 
mately 2 to 3 jzm in diameter (Fig. 4-2), and the size variation 
of red cells from a normal patient is approximately 5%. The 
primary function of the red cell is the transportation of oxygen 


FIGURE 4-1 Blood smear made by the slide-to-slide (wedge) method. 
Counting should be performed by moving in a zig-zag manner on the 
smear to avoid counting the same cells, 
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FIGURE 4-2 Normal red blood cells. 


to the tissues of the body and transportation of carbon dioxide 
back to the lungs for expulsion (see Chapter 2: The Red Blood 
Cell: Structure and Function). 


Assessment of Red Cell Abnormality 


A well-stained and well-made blood smear with an even 
distribution of RBCs in the area to be examined is essen- 
tial for any peripheral blood smear review. If these criteria 
are achieved, the reviewer must make a general assessment 
of whether the morphological abnormality is due to shape 
change (poikilocytosis), size change (anisocytosis), or a 
change in color. Most assessments of anisocytosis are per- 
formed in concert with the red cell indices and the red cell 
distribution width (RDW) rating obtained from the hematol- 
ogy analyzer. In assessing the smear, the reviewer considers 
the percentage of cells that vary in size in at least 10 OIFs. 
For example, if the mean corpuscular volume (MCV) was 
65 fL (80 fL to 100 fL normal range for adults), the reviewer 
would expect to see a large percentage of small cells. If the 
MCV were 105 fL, the reviewer would expect to see pri- 
marily larger cells. More information on red cell indices, 
including calculations, are presented in Chapter 6: Anemia: 
Diagnosis and Clinical Considerations and Chapter 31: Basic 
Hematology Procedures and Methods. 

The majority of laboratories use either qualitative remarks 
(few or marked) or a numerical grading (1+ to 4+) based on 
the percentage of variation to describe the type of cell or cells 
that have caused the variation from the normal. With this 
method, a reviewer can present to the clinician a series of 
objective ratings that can translate to a visual impression of a 
patient’s peripheral smear. This assessment may be critical to 
the provider’s differential diagnosis of certain forms of ane- 
mia. Reviewers are urged to avoid the use of terms that are 
vague (e.g., the term “present”) owing to the wide variations 
in the implication it may have to clinicians. See Table 4-2 


TABLE 4-2 Grading Scale for Red Cel Morpholo 
(Anisocytosis/ Poikilocytosis) gy 


_ Percentage of Cells that 
Size or Shape From No 


5% 
5% 10% 

10%-25% 
25%-50% 


50%-75% 
>75% 


Differ, 
Tmal RR, 


Sample Situations 


2+ Microcytes Few schistocytes 


Few burr cells 


1+ Target cells 


1+ Macrocytes 


3+ Anisocytosis 2+ Poikilocytosis 


for an example of guidelines in grading anisocytosis and poi. 
kilocytosis. Please note that the assessment of RBC morpho- 
logical abnormalities remains a manual task that is inherently 
subjective. It is imperative that laboratories establish Suide- 
lines based on their own patient and physician population 
It is essential to patient care that the laboratory and clinician 
have similar interpretations of the results reported for all RBC 
morphology. Figure 4-3 is a composite chart of normal an: 
abnormal red cell morphology. 

Included in this chapter are flowcharts that correlate t:: 
abnormal morphology with a possible pathology. This schew: 
should enable the learner to easily associate an abnormal m0 
phology with the clinical condition. 


Variations in Red Cell Distribution 


Distribution refers to how cells are dispersed on the peri) 
eral smear slide. It is vital that red cells are distributed \\ 
to verify that the peripheral smear was made adequately « 
estimates of grading are accurate. 


Normal Distribution 

The area of the blood smear that is reviewed for morp! 
logical abnormalities is extremely important. The area to 
reviewed should be in the area of the smear where the red ¢*!° 
are slightly separated from one another or, at most, ba! ' 
touching with no overlap. This area should represent at |e» 
one-third of the entire film The reviewer should avoid | ; 
thicker portion of the slide where cells are overlapping * / 
the edges of smear where cells may be artifactually distor’ 
in size, shape, and color. An exception is made when scan!" 
for platelet clumping. 


Abnormal Distribution -a5 
The abnormal distribution of red blood cells refers (© es 
where red cells are overlapping or stacked upon one anol : 
These findings can signify inadequate slide-making procs 
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orized as agglutination or rouleaux, which may aid 
tial diagnosis of certain pathological conditions. 


m is an aggregation of red cells into random 
r masses. Agglutination is the result of an antigen— 
/ reaction within the body. In cases of autoagglutina- 
tion is actually with the patient’s own cells and the 
um or plasma. Such is the case with cold antibody 
for example, cold hemagglutination disease and 
al cold hemoglobinuria (PCH) (see Chapter 14: 
ic Anemias: Extracorpuscular Defects). Agglutina- 
the previously mentioned disorders occurs at room 
during sample preparation and appears as inter- 
eas of clumping throughout the peripheral smear 
, The use of saline will not disperse these aggluti- 
however, warming the sample to 37°C helps to 
agglutinins, allowing for the possibility of nor- 
sparation for morphology review. The MCHC and 
m these specimens are usually falsely elevated in 
to the agglutinin formation. Other forms of autoag- 
‘may also occur spontaneously but are more likely 
in connection with certain hemolytic anemias, 
heumonia, staphylococcal infections, and trypano- 
Agglutination is not to be confused with rouleaux. 
5 


4 condition in which red cells appear as stacks 
the peripheral smear. The stacks may be short 
but regardless of the length, the red cells appear 
i One another. These stacks are rather evenly dis- 
0 throughout the smear, Rouleaux formation is the result 
evated globulins or fibrinogen in the plasma, where the 


i : 


Helmet cell 
(fragmented cell) 


Burr cell 
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Hemoglobin cell 
Size variation {distribution _| Shape variation ict | distbution 


Pappenheimer bodies | Agglutination 
(siderotic granules) 


Cabot's ring 


Schistocyte 


(fragmented cell) 


Crystal formation 


FIGURE 4-3 Normal and abnormal red blood cell morphology. 


Ye 


FIGURE 4-4 Note the agglutination on the smear from a patient with cold 
hemagglutinin disease. 


red cells have been more or less “bathed” in this abnormal 
plasma, which gives them a sticky consistency, This lowers 
the zeta ({) potential, thus facilitating the stacking effect 
(Fig. 4-5). The use of a saline dilution of the serum disperses 
rouleaux. Rouleaux formation correlates well with a high 
erythrocyte sedimentation rate, 

Rouleaux is seen in patients with hyperproteinemias such 
as multiple myeloma and Waldenstrom’s macroglobulinemia 
(refer to Chapter 23), It may also be seen in chronic inflam- 
matory disorders and some lymphomas (refer to Chapter 22), 
It is important to note that in cases of severe rouleaux it may 
be impossible to evaluate cell size or shape. 

Peripheral smears reviewed in the thick portions of the 
smear, and entire smears made too thick, may appear to 
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FIGURE 4-5 Peripheral blood showing marked rouleaux formation. Note 
the “stacked coin” appearance of the red cells. 


exhibit rouleaux. This is considered artifactual and should not 
be reported until it is verified in the thin portion of the smear 
or a new slide is prepared. 


er eeeeeeenpenennenneeeesieeeeeent 
CRITICAL THINKING QUESTION 
4-3 How can one determine whether a finding of agglutination 
or rouleaux is artifactual or clinically significant? 


Variations in Red Cell Size 


Variations in the size of red blood cells (anisocytosis) should 
be evaluated when performing a peripheral smear review. 
Red cells may be found to be present in a variety of sizes, 
too large, or too small. Red cell sizes should be categorized 
as normocytes, macrocytes, or microcytes and graded appro- 
priately. This section will review the designations for red cell 
anisocytosis. 


Anisocytosis 

Any significant variation in size is known as anisocytosis 
(Fig. 4-6). This size variation is frequently found in the leu- 
kemias and in most forms of anemia. The severity of the 
variation should also correspond to an increased red cell 
distribution (RDW). Anisocytosis results from abnormal 
cell development and typically results from a deficiency in 
the raw materials (i.e., iron, vitamin B,,, folic acid) needed 
to manufacture RBCs or by a congenital defect in the cell’s 
structure. Cell size may deviate, from measuring smaller 


FIGURE 4-6 Note the variation in size (anisocytosis) of the red blood cells. 
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than the normal 7 zm, to being larger than normal. Tp 
used to describe these abnormalities are micr, 


0 Stem, 

Cyte (S6 § 

and macrocyte (=9 jm). These terms are useq in co lim) 
Nu 


See 
ty 
A 7 ‘ J Ytosis or 
macrocytosis, or in cases of a dimorphic populatio, the 
» there 


may be the appearance of both. 


Normocytes 

The average size of the erythrocyte is indicated by the mea 
surement of the MCV, a result generated by the automate, 
hematology analyzer. The MCV is considered an integral pan 
of a CBC. Observation of red cell morphology on the bloog 
smear provides a quality control check on the electronic Mcy 
as well as the other two red cell indices, mean Corpuscul: 
hemoglobin (MCH) and mean corpuscular hemoglobin co, 
centration (MCHC).* A “normal” MCV would correspond j, 
the MCV reference range (80 to 100 fL for adults). Subse. 
quent review of the blood smear should yield no significay, 
size variation from the normal 7- to 8-m red cell. This sce. 
nario is referred to as normocytic, and the red cells are clas. 
sified as normocytes. This information would prove useful jp 
the physician in the diagnosis of anemia. In the case of a nor. 
mal MCV and a high RDW (normal RDW is 11.5% to 14.5%), 
the reviewer would expect to see a mixture of large and smal) 
cells. This scenario is referred to as a dimorphic population 
and may be the result of a recent blood transfusion or possib|; 
the patient may be in the recovery stages of anemia. Patien: 
history plays an important role in this situation 


Macrocytes 

Macrocytes are red blood cells that are approximate!) 
9 ym or larger in diameter, having an MCV of greater thi 
100 fL. Anemias associated with these cells are referred ' 
as macrocytic and are classified as either megaloblastic « 
nonmegaloblastic.* These large red cells may appear in ‘\: 
peripheral circulation by several mechanisms. One mec!:- 
nism is impaired deoxyribonucleic acid (DNA) synthes 
which results in megaloblastic erythropoiesis leading 
fewer cellular divisions and consequently a larger cell. T!' 
form of erythropoiesis produces a megaloblastic anew: 
and may be the result of B,, or folate deficiency, chemoth: 
apy, Or any process producing a nuclear maturation dete. 
Macrocytes with an oval shape (macroovalocytes), newt’ 
philic hypersegmentation, as well as MCV values exceed 
120 fL are typically seen in this type of anemia (refer 
Chapter 8). 

The most common cause of nonmegaloblastic macroc)' 
sis is accelerated erythropoiesis, which results from conditiv ; 
such as acute blood loss or alcoholism. The cells are rel¢2s“~ 
prematurely from the marrow, are nonnucleated, and apps" 
larger than a mature erythrocyte, On a Wright-stained s™*~ 
the cells will appear as round polychromatophilic macro’) 
and ona supravitally (i.e., new methylene blue)-stained oa 
they appear as reticulocytes. Neutrophilic hypersegmen*"" 
is not typically seen in this form of macrocytosis.” 


osis may result from other conditions, such as 
yidism and various bone marrow disorders, as well 
neonatal blood and postsplenectomy. Addition- 
ises where excess plasma cholesterol] may be taken 
red cell, it subsequently leads to an increase in the 
area of the cell. However, this last mechanism may 
: ective of a “true” macrocytosis (obstructive liver 
. Macrocytes should be evaluated for shape (oval ver- 
id), color (red versus blue), pallor (if present), and the 
ence or absence of inclusions. The conditions in which 
syies may be seen are listed in Figure 4-7, 
es 

rocyte is a small red blood cell having a diameter 
; than 7 pm and an MCV of less than 80 fL. Ane- 
jated with microcytes are said to be microcytic. 
moglobin content of these cells may be normal to 
sd. A consequence of any defect that results in 
ed hemoglobin synthesis may produce a microcytic, 
“omic (MCHC <32% and cells with increased central 
ood picture. When erythroid cells are deprived of 
essential elements in hemoglobin synthesis, the 
an increase in cellular divisions and consequently a 

ell in the peripheral blood. This form of abnormal 


synthesis (sideroblastic anemia), deficiency of glo- 
ithesis (thalassemia), and chronic disease states. In 
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the case of iron deficiency, microcytosis will not be visually 
apparent until iron stores in the body have been completely 
exhausted and iron deficient erythropoiesis takes place, as in 
iron deficiency anemia (IDA) (see Chapter 7). 


ADVANCED CONTENT 


Decreased or defective globin synthesis also presents as 
a microcytic/hypochromic anemia, but in most cases, this 
results from a genetic abnormality producing a heredi- 
tary anemia known as thalassemia (see Chapter 12). This 
microcytic/hypochromic anemia is rare, and in the homo- 

| zygous form, it may result in a severe anemia with a high 
rate of mortality. In the milder heterozygous form, this 
anemic picture may be confused with IDA. The appear- 
ance of target cells, family studies, as well as additional 
hematological testing may be needed for a differential 
diagnosis. 

It is important to note that other disease processes such 
as sideroblastic anemia and lead poisoning may produce 
significant numbers of microcytic red cells, in most cases 
without hypochromia. 


Clinical conditions in which microcytes may be seen as 
the predominant cell morphology are illustrated in Figure 4-8. 


FIGURE 4-7 Correlation of macrocytes 
to pathological processes. 


FIGURE 4-8 Correlation of microcytes to pathological 
processes. 
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Hemoglobin Content—Red Cell Color 
Variations 


Color variations of hemoglobin content include normochro- 
mia, hypochromia, hyperchromia, and polychromasia. 


Normochromia 

The term normochromic indicates the red cell is essen- 
tially normal in color. A normochromic erythrocyte has a 
well-hemoglobinized cytoplasm with a small but distinct 
zone of central pallor. The area of pallor does not exceed 
3 1m when measured linearly. The term “normochromic” is 
used to describe an anemia with a normal MCHC and MCH. 
When used in conjunction with a normal MCV, the ane- 


mia would be described as a normochromic/normocytic 
anemia (see Fig. 4—2). 


Hypochromia 


Any RBC having a central area of pallor of greater than 
3 xm is said to be hypochromic. There is a direct relationship 
between the amount of hemoglobin deposited in the red cell 
and the appearance of the red cell when properly stained. The 
term “hypochromia” literally means “low color” and indicates 
that the cells have less than the normal amount of hemoglobin. 
Typically, any irregularity in hemoglobin synthesis will lead 
to some degree of hypochromia (Fig. 4-9). 

Most clinicians choose to assess hypochromia based on 
the mean corpuscular hemoglobin concentration (MCHC), 
which by definition measures hemoglobin content in a given 
volume of red cells (100 mL). When the MCHC is <32%, 
the anemic process is described as being hypochromic, and 
the slide reviewer should scan the peripheral smear and 
expect to see RBCs with increased central pallor or hypo- 
chromia. A lower MCHC result typically correlates with a 
larger central pallor in the affected red cells. In general, this 
is very reliable; however, it does not consider the situation 
in which a true hypochromia is observed in the presence of a 
normal MCHC. In many cases, the MCHC will not be con- 
sistent with what is observed on the peripheral smear. The 
morphologist should not be unduly influenced by the RBC 
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FIGURE 4-9 Note the large central pallor in many of the red cells depict- 
ing hypochromia. 


>» 


indices in the evaluation of hypochromia. Try. h 

will appear as a delicate shaded area of pallor * Pechton 
pseudohypochromia (the water artifact), in Which 41 
of pallor is distinctly outlined. It is important to fie © ate, 
all hypochromic cells are microcytic. Target Cells (dj, At no) 
later in this chapter) possess some degree of hyp ochrom: 
there are macrocytes and normocytes that can be dig 
hypochromic, Refer to Table 4-3 for a guideline to oN 
hypochromia. Ading 


CRITICAL THINKING QUESTION 
4-4 Why would an anemia cause RBCs to be hypochromic) 


The most common condition manifesting hypochromi, 7 
IDA, yet any reduction in the amount of stored iron can cai 
this type of anemia.° In severe cases of IDA, red cells exhibit 
an inordinately thin band of hemoglobin. Patients with irop 
deficiency may have many hypochromic cells, depending o, 
the magnitude of the deficiency. In addition to large numbe,, 
of hypochromic cells, there may be large numbers of mic;y. 
cytes as well. Iron deficiency anemia is commonly referred ;, 
as a microcytic/hypochromic anemia. 


p> ADVANCED CONTENT 


In the alpha (a) and beta (8) heterozygous (trait) thalas. 
semia syndromes hypochromia is much less pronounced 
However, red cells in the a-thalassemias and f-thalassemi: 
homozygous states show significant amounts of pallor 
(see Chapter 12). Sideroblastic anemias show a prominen! 
dimorphic blood picture—macrocytic, normocytic, ani 
microcytic cells together, only some of which show tn: 
hypochromia, Some hypochromic cells may be seen i: 
patients with lead poisoning. 


Hyperchromia 

Red cells with a decreased surface-to-volume ratio anc : 
decreased or absent central pallor may be described as hyp«'- 
chromic. True hyperchromia exists when the MCHC is >3« 
and may be seen in the peripheral smears of patients 
hemolytic anemias, including hemolysis caused by bu! 


TABLE 4-3 Hypochromia Grading 
Description 


1+ Area of central pallor is one-half of cell diamete’ 


2+ Area of pallor is two-thirds of cell diameter 
Area of pallor is three-quarters 


Thin rim of hemoglobin 


toxicities. Even though true hyperchromia does 
s not reported as such without verification with addi- 
esting.’ It is reported in terms of the cel] abnormalities 
om the increased volume of hemoglobin and the 
ed surface area. The cell produced from these phe- 

ppears as a solid reddish-orange dise with no central 
d is referred to as a spherocyte, which is discussed 
this chapter. 


asia 
3Cs are delivered to the peripheral circulation pre- 
their appearance in the Wright-stained smear is 
‘These red cells are described as polychromato- 
sely basophilic) and are gray-blue in color and 
r than normal red cells (Fig, 4-10). The baso- 
lor of the red cell is the result of the residual RNA 
) hemoglobin synthesis. Polychromatophilic mac- 
as seen on a Wright’s-stained smear, are actually 
ytes; however, the reticulum cannot be visualized 
upravital staining, 
regeneration of red cells is a dynamic process, 
mmon to find a few polychromatophilic cells 
peripheral blood smear, The reticulocyte count 
reflect the degree of polychromasia. Polychromato- 
id cells appear in varying shades of blue on the stained 
ear. Any clinical condition in which the marrow is 
d, particularly RBC regeneration, will produce a 
chromatophilic blood picture. This represents effective 
as well as an assessment of bone marrow func- 
les of several conditions in which polychromasia 
Jude acute and chronic hemorrhage, hemolysis, 
enerative red cell process. The degree of polychro- 
an excellent indicator of therapeutic effectiveness 
is given iron or vitamin therapy as a treatment 
lia. Refer to Table 44 for a guideline to polychroma- 


1s in Red Cell Shape 


n red cell shape (poikilocytosis) include the fol- 
fget cells (codocytes), spherocytes, stomatocytes, 


Note polychromasia in the cell with the arrow. 
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TABLE 4-4 Polychromasia Grading 


Percentage of Red Cells That Are 
Polychromatophilic 


Slight 

A shiseas 
2+ 
ee 
yee 


ovalocytes and elliptocytes, sickle cells (drepanocytes), frag- 
mented cells (schistocytes, helmet cells, keratocytes), burr 
cells (echinocytes), acanthocytes (thorn cells, spur cells), and 
teardrop cells (dacrocytes), 


Poikilocytosis 

Poikilocytosis is the term used to describe a variation in red 
cell shape (Fig. 4-11), Normal erythrocytes vary only slightly 
from the concise round shape of a biconcave disc, so even a 
slight variation in significant numbers may prove to be impor- 
tant, These poikilocytic cells may take on such peculiar shapes 
as teardrops, pencils, and sickles. The differential diagnosis of 
anemia cannot be determined from a reported poikilocytosis. 
The term should be used in conjunction with more descriptive 
terminology that would specify the particular morphological 
abnormality observed. Examples of specific poikilocytes are 
sickle cells, which result from abnormal hemoglobin, and 
spherocytes, which result from a red cell membrane abnor- 
mality as many of the poikilocytic cells do. The differential 
diagnosis of some forms of anemia may be determined by 
identification of a specific morphological abnormality. 

The term “poikilocytosis” refers to the entire red cell 
morphology in the scanned area of a peripheral smear and is 
graded as 1+ to 4+ (see Table 4-2). Many labs consider the 
term poikilocytosis as a “catch-all” phrase for abnormal red 
cells and in lieu of grading the smear for poikilocytosis opt 
only to grade the specific types of morphologically abnor- 
mal cells seen. In these cases, the particular cells should be 
reported in terms of few, moderate, and many. 


Target Cells (Codocytes) 
Target cells appear on the peripheral blood because of an 
increase in RBC surface membrane. They are artificially 


FIGURE 4-11 Note the extreme variation in RBC shape (poikilocytosis), 
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induced on the smear, and their true circulating form, as seen 
with an electron microscope, is a bell-shaped cell. The name 
codocyte is from the Greek word “kodon,” meaning bell. In 
air-dried smears, however, they appear as “targets,” with a 
large portion of hemoglobin displayed at the rim of the cell and 
a portion of hemoglobin that is central, eccentric, or banded 
(Fig. 4-12), As the name implies, the cell actually resembles 
a target and is sometimes referred to as a “bull’s eye” cell. 
Target cells are seen in many types of anemia; however, they 
are most prominent in the hemoglobinopathies, thalassemias, 
and liver disease, and are also found postsplenectomy. Cor- 


relation of target cells to pathological processes is shown in 
Fig. 4-13. 


ADVANCED CONTENT 


The mechanism of targeting is related to excess mem- 
brane cholesterol and phospholipid and decreased cel- 
lular hemoglobin. This is well documented in patients 
with liver disease, in whom the cholesterol/phospholipid 
Tatio is altered and can also be found in familial lecithin- 
cholesterol acyltransferase deficiency (LCAT).? Mature 


FIGURE 4-12 Note the target cell at the arrow. 


FIGURE 4-13 Correlation of target cells to 
pathological processes. 


~~ 


are unable to synthesize cholestero 


lipid independently. As cholestero} oti Phos. 
sma, as seen in liver dysfunction, the red ce|| jg = iN the 
nereased membrane lipid, resulting in increase, pe le 
sequently, the osmotic fragility is also a acy 
hapter 31). The target cells are reversible in ea 

2 1 


t r 


Spherocytes 

Spherocytes have a reduced surface-to-volume ati, tha 
results in a cell with no central pallor. Because of the' 
density (intense color) and smaller size, they are easily die 
tinguished in a peripheral smear. Their shape change js j;,. 
versible and may also be seen as microspherocytes. They 
are considered the most common form of the erythrocy;. 
morphological disorders stemming from an abnormality os 
the cell membrane. This abnormality may be hereditary o, 
acquired and may be produced by a variety of mechanism; 
affecting the red cell membrane. Figure 4—14 lists the mor. 
common pathological conditions in which spherocytes ar: 
seen. Perhaps the most detailed mechanism for sphering 
is the congenital condition known as hereditary sphero. 
cytosis (HS) (see Chapter 9). This is an inherited, autoso. 
mal dominant condition and is due to a deficiency of, or: 
dysfunction in, the membrane proteins spectrin, ankyrin 
band 3, and/or protein 4.2.8 Figure 4-15 depicts a bloo 
smear from a patient with hereditary spherocytosis. 


ADVANCED CONTENT 


Hereditary spherocytosis is the most common inh: 
ited hemolytic anemia. The membrane cytoskeleton | 
the RBC is dependent on particular proteins previow:' 
listed to maintain the shape, deformability, and ela: « 
ity of the red cell. The deficiency and/or dysfunetio 

any one these membrane components will destabilize : 
cytoskeleton, resulting in abnormal red cell morpho! 


MORPHOLOGY - TARGET CELLS ) 


HOLOGY - SPHEROCYTES O 


lif - span for the affected red cells in circu- 
ps are typically seen in large numbers 
from patients with HS. Premature 
abnormal erythrocytes in the spleen 
mild to severe hemolytic anemia depend- 
of the abnormality. Erythrocytes from 
iitary spherocytosis have a mean influx 
of normal cells. Because these sphero- 
ed ability to metabolize glucose, they 
essive intracellular sodium while in the 
m they reach the microenvironment of the 
live transport system is unbalanced 
np and decreased glucose resulting in 
lysis of these cells (see Chapter 9). His- 
: im the MCHC and RDW have been 
the CBC results of a patient with HS. More 
onal measurements and molecular testing 
be more useful in diagnosing HS.” 
¢ of spherocytosis share the mutual 
Mim that there is a loss of membrane. In the 
¢ of red cells, they gradually lose thei 
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| fonctionalny through lone of cetihar Sipids, proaems, ce; 

thus, spherocytes are produced as a final tage before aged 
red cells are detained in the spleen and trapped by the retic- 
uloendothdlial system. This natural process does not typ- 
ically result in anemia. Ancther mechasiam of producing 
ipherocytes that may reoult in 4 mild to severe anemia is 
 autoimemnene hemolytic anemia. The coating of the red 
cells with antibodies and the detrimental efiect of comple- 
| ment activation results in the membrane loss of chohestterA 
accompanied by a loss of surlace area without hemogio- 
bin loss producing spherocytes. The seduced surlaceto- 
volume ratio of all spherocytes renders them abnormally 
susceptible to osmotic lysis; consequently, they have an 
increased osmotic fragility. Heamolysis is known to reas 
from membrane abnormalities, therefore, other hemolytic 
processes may also produce spherocytes. They may also be 
seen 2s microspherocytes in the peripheral smears of burn 
patients. 


Stomatocytes 

The word stomatocyte is derived from the Greek word 
“stoma,” which means mouth. They have a central pallor, 
which is said to be slit-like or mouth-tike on peripheral 
blood smears. These red cells are of normal size, bot are 
not biconcave, and in wet preparations appear bow! shaped 
(Fig. 4-16). The abnormal morphology resulting im the sto- 
matocyte is thought to be the result of 2 membrane defect 
(see Chapter 9). 


b> ADvancen comrens 
Stomatocytosis is associated with abnormalities im red ceil 
cation permeability that lead to changes in red cell bydra- 
tion and volume, which may be either increased (bydre- 
cytosis) or decreased (xerocytosis), or in some cases, near 
normal.’ While bydrocytosis and xerocytosis represent the 
extremes of a spectrum of red cell permeability defects, 


E416 Stomatocytes in peripheral blood. 
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they are more commonly secondary to other disorders such 
as hemoglobinopathies.'® The exact physiological mecha- 
nism of stomatocytic shape is poorly understood, yet the 
molecular basis of this disorder has been recently shown 
to be associated with a mutation in the PIEZO1 protein.'! 
Stomatocytosis may be acquired or congenital. As with 
hereditary spherocytosis, stomatocytes are seen in signifi- 
cant numbers in the hereditary form known as hereditary 
Stomatocytosis and in smaller numbers in the acquired 
form. Many chemical agents can induce stomatocytosis in 
vitro (phenothiazine and chlorpromazine); however, these 
changes are reversible. !” 


Stomatocytes are known to have an increased perme- 
ability to sodium; consequently, their osmotic fragility is 
increased. Stomatocytes are more often artifactual than a 
true manifestation of a particular pathophysiologic process. 
The artifactual stomatocyte has a distinct slit-like area of 
central pallor, whereas the area of pallor in the genuine 
Stomatocyte appears shaded. Hereditary stomatocytosis is 
usually a benign condition or at most a mild normochro- 
mic/normocytic anemia. Occasional stomatocytes might be 


found in hemolytic anemia, alcoholic cirrhosis, and acute 
alcoholism. 


ADVANCED CONTENT 


Stomatocytosis is also present on peripheral blood smears 
of patients with Rh deficiency syndrome, also known 
as Rh null disease, in which erythrocytes from these 
rare individuals have either absent (Rh, ,,) or markedly 
reduced (Rh_.) Rh antigen expression. This may result 
in a mild to moderate hemolytic anemia, and mutations in 
the R430 and RhAG genes have been associated with this 
syndrome." 


Ovalocytes and Elliptocytes 

Many investigators consider the terms ovalocyte and ellipto- 
cyte to be interchangeable; however, for the purposes of this 
discussion, they are viewed as distinct and separate. This 
morphological abnormality is thought to be the result of a 
mechanical weakness or fragility of the membrane skeleton 
and may be acquired or congenital. The pathogenesis of the 
formation of either of these cells is unknown, Ovalocytes 
may be considered as more egg-shaped and have a greater ten- 
dency to vary in their hemoglobin content. They can appear 
normochromic or hypochromic, normocytic or macrocytic. 
Megaloblastic anemia is characterized by oval macrocytes 
(macroovalocytes) that may be 9 jzm or more in diameter and 
lack central pallor (Fig. 4—17).'* 

Elliptocytes, on the other hand, are pencil-, rod-, or cigar- 
shaped, and hemoglobin appears to be concentrated on both 
ends of the cell. They are invariably not hypochromic, exhib- 
iting a normal central pallor. 


FIGURE 4-17 Note the oval macrocyte (macroovalocyte) at the arroy, 
Smear from a patient with pernicious anemia. 


ADVANCED CONTENT 


(Fig. 4-18),'5 


syndromes, and myelophthistic anemia. 


smear from a patient with hereditary elliptocytosis. 


Hereditary elliptocytosis (HE) is a rare inherited conditio, 
with anywhere from 25% to 90% of all cells demonstratin: 
the elliptical appearance. The erythrocytes in HE, in mo 
cases, have a normal survival time; patients are typicall, 
asymptomatic and are diagnosed incidentally during testin: 
for unrelated conditions.'* In approximately 10% of cases 
where red cell survival time is shortened, patients’ symp. 
toms may vary from a mild to severe transfusion-dependen: 
hemolytic anemia. HE is caused by mutations in the red cel 
membrane protein a-spectrin, B-spectrin, or protein 4.1% 


Ovalocytes/elliptocyte may be seen in association \\) 


several disorders in addition to those already mention! 
such as microcytic/hypochromic anemia, myelodysp|::': 


FIGURE 4-18 Note the high percentage of elliptocytes in this blood 


_— fl 


er to Figure 4-19 for a description of pathological 
processes associated with ovalocytes and elliptocytes (see 
Chapter 9). 

Sickle Cells (Drepanocytes) 

Drepanocytes or sickle cells are typically crescent- or sickle- 
shaped with pointed projections at one or both ends of the 
cell, These cells have been transformed by hemoglobin 
polymerization into rigid, inflexible cells no longer resem- 
bling the normal biconcave disc (Fig. 4-20). Patients may be 
homozygous or in some cases heterozygous for the presence 
of the abnormal hemoglobin, hemoglobin S. In the homo- 
zygous patient, physiological conditions of low oxygen 
tension (in Vivo or in vitro) cause the abnormal hemoglo- 
bin to polymerize, forming tubules that line up in bundles to 
deform the cell. The surface area of the transformed cell is 
much greater, and the normal elasticity of the cell is severely 
restricted. These cells have lost their ability to deform and in 
many cases are unable to negotiate the microvasculature of 
the tissues, which leads to oxygen deprivation in those areas 


(se Chapter 11). 
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FIGURE 4-19 Correlation of ovalo- 
cytes and elliptocytes to pathological 
processes. 


> ADVANCED CONTENT 


Most sickled cells possess the ability to revert to the dis- 
cocyte shape when oxygenated; however, approximately 
10% are incapable of reverting to their normal shape. 
These irreversibly sickled cells (ISCs) are the result of 
repeated sickling episodes. On the peripheral smear, 
they appear as crescent-shaped cells with long projec- 
tions. When reoxygenated, the ISCs may undergo frag- 
mentation. During a symptomatic period, the percentage 
of ISCs varies tremendously, and, consequently, it does 
not correlate with symptomatology. Sickle cells are not 
usually seen in the peripheral smears of individuals who 
are heterozygous (Hgb AS) and are only rarely seen in 
conjunction with other abnormal hemoglobins (i.e., Hgb 
Cirariem Eb S \semphis)- Classically, sickled cells are best seen 


| in wet preparations. Many of the cells observed on the 


Wright-Giemsa stain are the oat cell-shaped form of the 
sickled cell (Fig. 4-21). In this form, the projections are 


FIGURE 4-21 Reversible, oat-shaped sickle cell, 
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MORPHOLOGY - SICKLE CELLS 


’ FIGURE 4-22 Correlation of sickle cells to pathological processes. 


much less pronounced, and the central area of the cell is 
fairly broad. This shape is reversible.'° The more promi- 
__ nent pathological conditions in which sickle cells may be 
| observed are listed in F igure 4-22. In this figure, a mor- 
| phological distinction is made between ISCs and revers- 
| ibly sickled cells. 


DIC 
Mceatd 


FIGURE 4-23 Correlation of fragmented cells to pathological processes. HA = hemolytic anemia; DIC = disseminated intravascular coagulatio’ 


hemolytic uremic syndrome; TTP = thrombotic thrombocytopenic purpura. 


Fragmented Cells 


This section describes schistocytes, Keratocytes, an, 
cells as fragmented cells. Please note that all laborator; n 
not report fragmented red cells in the same manner . May 
fragmented red cells reported as schistocytes) owing i al 
similarities in their origins. Regardless of the SPecitfci t : 
the terminology used, it is imperative that the Morpholo. at 
give a qualitative estimate of the abnormality see, By 
fields. Especially in significant numbers, the appearance. 
fragmented red cells will provide physicians with import, 
information on the condition of their patients. : 

Refer to Figure 423 for a flowchart correlation of the frao. 
mented cells matched to the pathological processes jin Which 
they may be observed. 


Ne 


Schistocytes 
Schistocytes are split, cut, or cloven cells resulting from some 
form of trauma to the cell membrane. It is recognized that not 
all membrane alterations occur pathologically. However, ther; 
are certain triggering events in disease that invariably lead jy 
fragmentation such as alteration of normal fluid circulatio, 
Examples of fluid alterations are the development of fibri; 
strands, damaged endothelium, or a damaged heart val\;: 
prosthesis. The flow of blood in the circulation may actual\ 
sweep the erythrocytes through the fibrin strands, splitting th: 
red cell. The shapes of these cells vary based on the shez 
forces and presentation of the red cells as they are cut by th: 
fibrin, Intrinsic defects of the red cell make it less deforma)l: 
and, therefore, more likely to be fragmented as it travers 
the microvasculature of the spleen. Examples such as 20: 
body-altered red cells and red cells containing inclusions hi.\: 
significant alterations that increase their likelihood of be": 
fragmented, consequently decreasing their survival time. 
Schistocytes are the extreme form of red cell fragment: « 
(Fig. 4-24). Whole pieces of red cell membrane appear t * 
missing, and bizarrely shaped red cells are apparent. 
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- RE 4-24 Peripheral blood from a patient with renal disease. Note 
an of fragmented cells: A. burr cells; B. acanthocyte; C. blister/ 


vocketbook cell D. schistocyte. 
a he b> 


[ANCED CONTENT 

syies may occur in patients with thrombotic micro- 
hemolytic anemia, disseminated intravascular 
n (DIC), heart valve surgery, hemolytic uremic syn- 
thrombotic thrombocytopenic purpura, HELLP (hemo- 
ed liver enzymes, low platelet count) syndrome, 
pertension, severe bums, and hemoglobinopa- 
automated hematology analyzers are exploring 
ion of RBC fragments, the manual morphologi- 
ation Of schistocytes remains the gold standard in 
severe and often fatal hemolytic disorders.' 


are red cells that have been caught on fibrin 
tculation, and rather than splitting, the cell hangs 
in fusing two sides of the cell together, creating a 


a blister and is called a blister cell. It also is said to 
omen’s handbag and may be called a pocketbook 
24). Once the vacuole ruptures, the resulting cell 
ive two horns. This “horned” cell also resembles 
nd is sometimes reported as such but is actually a 
(Greek for “keras,” horn).'’ The primary difference 
¢ is not in their appearance but in their formation. 
cell also has distinctive projections, usually two, 
6 4n empty area of the red cell membrane. Helmet 
in hematological conditions in which large inclu- 

$ are formed (Heinz bodies, Howell—Jolly bodies). 
evon occurs by the pitting mechanism of the spleen. 
Mechanism removes the inclusion from the cell, 
PPearance of having taken a “bite out of the cell” 
S referred to as a bite cell (Fig. 4-25). A helmet 
Cell are, therefore, one and the same. The hel- 
!@Y also be seen in patients with pulmonary emboli, 
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FIGURE 4-25 Note the bite or helmet cell at the arrow. 


myeloid metaplasia, and DIC. All fragmented red cells are 
considered fragile, and their survival time is diminished sig- 
nificantly to days, if not hours, owing to splenic sequestration. 


CRITICAL THINKING QUESTION 


4-5 Why would a hemolytic process display schistocytes on 
the peripheral blood smear? 


Burr Cells (Echinocytes) 

Burr cells (echinocytes) are red cells with approximately 
10 to 30 rounded spicules evenly placed over the surface of the 
red cells (refer to Fig. 4-24). For the most part, they are nor- 
mochromic and normocytic. They may be observed as an arti- 
fact, usually as a result of specimen contamination, in which 
case they will appear in large numbers and will present with 
evenly dispersed smooth projections and may be referred to as 
crenated. The terms “crenated cell” and “echinocyte” may be 
used interchangeably by some reviewers and therefore are not 
reported, “True” burr cells occur in small numbers and appear 
irregularly sized with unevenly spaced spicules. They may be 
seen in uremia, heart disease, cancer of the stomach, bleeding 
peptic ulcer, immediately following an injection of heparin, 
and in patients with untreated hypothyroidism, In general, 
they may occur in situations that cause a change in tonicity of 
the intravascular fluid (e.g., dehydration and azotemia) or an 
alteration of the membrane lipid content. Burr cells may be 
considered pathological and should be reported. 


Acanthocytes (Thorn Cells, Spur Cells) 

An acanthocyte is defined as a cell of normal or slightly 
reduced size, possessing 3 to 12 spicules of uneven length dis- 
tributed along the periphery of the cell membrane. The uneven 
projections of the acanthocyte are blunt rather than pointed, and 
the acanthocyte can easily be distinguished from the peripheral 
smear background because it appears to be saturated with hemo- 
globin. It appears essentially as a spherocyte with thorns. The 
MCHC is, however, always in the normal range (Fig. 4-26). 
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FIGURE 4-26 Note the acanthocytes on this peripheral smear. 


ADVANCED CONTENT 


Specific mechanisms relating to the formation of acantho- 
cytes are unknown; however, some details about these pecu- 
liar cells are of interest. Acanthocytes contain an excess of 
cholesterol and have an increased cholesterol-to-phospholipid 
ratio; consequently, their surface area is increased. The leci- 
thin content of acanthocytes is decreased. The only inherited 
condition in which acanthocytes are seen in high numbers is 
the rare condition abetalipoproteinemia. Most cases of acan- 
thocytosis are acquired, such as the deficiency of lecithin- 
cholesterol acyltransferase, which has been well documented 
in patients with severe hepatic disease. This enzyme is syn- 
thesized by the liver and is directly responsible for esterifying 
free cholesterol; when this enzyme is deficient, cholesterol 
is increased in the plasma. Acanthocytes may also be seen 
in myeloproliferative disorders, microangiopathic hemo- 
lytic anemia (MAHA), and autoimmune hemolytic anemias. 
The presence of acanthocytosis in peripheral blood smears 
remains the hallmark of the clinical diagnosis of most neu- 
roacanthocytosis syndromes, such as chorea-acanthocytosis 
(ChAc) and McLeod syndrome.'* 

The red cell responds to an excess of cholesterol in one 
of two ways, depending on the balance of other lipids in the 
membrane. It will become a target cell or an acanthocyte. 
Once an acanthocyte is formed, it is very liable to splenic 


7 Correlation of acanthocytes to 
| processes. 
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| stration and fragmentation, and the fluidit 
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Teardrop Cells (Dacrocytes) 

Teardrop cells (dacrocytes) appear in the peripheral Cire 
tion as tear-shaped or pear-shaped red cells (Fig. 4-28) ula 
extent to which a portion of the red cells form tails js Vatiah, 
and these cells may be normal, reduced, or increaseq in a 
The exact physiological mechanism is unknown, yet teatdry 
formation from inclusion-containing red cells is wel] docy, 
mented. As cells containing large inclusions attempt to pass 
through the microcirculation, the portion of the cells Contain, 
ing the inclusion cannot pass through and consequently el 
pinched, leaving a tailed end. For some reason, the red ¢¢|j;, 
unable to maintain the discocyte shape once this has occurrej 


ADVANCED CONTENT 


Teardrop cells are seen most prominently in primary mye\o. 
fibrosis (see Chapter 19). This type of morphological find. 
ing can also be seen in patients with thalassemia syndrome, 
drug-induced Heinz body formation, iron deficiency, ani 
conditions in which inclusion bodies are formed. They ma, 
also be seen in megaloblastic processes as large tear-shapei 
cells (macroteardrops). 


Refer to Figure 4-3 for a composite of abnormal red «2! 
morphology. 


Red Cell Inclusions 


Red cell inclusions include Howell—Jolly Bodies, Basop’ | 
Stippling, Pappenheimer Bodies and Siderotic Gran * 
Heinz Bodies, Cabot Rings, Hemoglobin CC Crystals, He 
globin SC Crystals, and Protozoan Inclusions. 


Howell-Jolly Bodies 
Howell-Jolly bodies (Fig. 4-29) are nuclear remnants ¢ 
taining DNA. They are | to 2 jum in size and may ap)" 


MORPHOLOGY - ACANTHOCYTES 


Post: 
i | splenecto™ 


¥ 


doubly in an eccentric position on the periphery of 
nbrane. They are thought to develop in periods of 
abnormal erythropoiesis. They may be seen in 
.¢., Wright’s, Giemsa, or supravitally stained 
of the chromosome becomes detached and 
ng in the cytoplasm after the nucleus has been 
ordinary circumstances, the spleen effec- 
nondeformable bodies from the cell, How- 
periods of erythroid stress, the pitting mechanism 
with inclusion formation. 
bodies may be seen after surgical splenec- 
lal absence of the spleen, or splenic atrophy 
infarctions. They may also be seen in patients 
syndromes, sickle cell anemia as well as 
mias, and in megaloblastic anemias. 
fain ribosomes can potentially form stip- 
it is thought that the actual stippling is 
‘ing of cells in preparation for microscopic 
‘ se, diffuse, or punctate basophilic stippling 
rand consist of ribonucleoprotein and mitochondrial 
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remnants (Fig. 4-30). These aggregates of ribosomes result 
from an alteration in the biosynthesis of hemoglobin. 

Diffuse basophilic stippling appears as a fine blue dust- 
ing, whereas coarse stippling is much more clearly outlined 
and easily distinguished. Punctate basophilic stippling is a 
coalescing of smaller forms and is very prominent and easily 
identifiable. 

Stippling may be found in any condition showing defec- 
tive or accelerated heme synthesis, such as alcoholism, 
thalassemia syndromes, megaloblastic anemias, and arsenic 
intoxication. It is also considered a characteristic feature in 
the diagnosis of lead poisoning. Basophilic stippling may be 
seen on a Romanowsky or supravitally stained peripheral 
smear. It is important for the reviewer not to confuse stip- 
pling with Pappenheimer bodies. The primary differentiation 
factors are that stippling appears homogeneously over the 
cell, whereas Pappenheimers tend to appear as clusters in 
the cell’s periphery. 


Pappenheimer Bodies and Siderotic Granules 
Pappenheimer bodies are also called siderotic granules and 
are small, irregular magenta inclusions seen along the periph- 
ery of red cells. They usually appear in clusters, as if they 
have been gently placed on the red cell membrane. Their pres- 
ence on a Wright’s or a supravitally stained peripheral smear 
is presumptive evidence for the presence of iron. However, 
the Prussian blue stain is the confirmatory test for determin- 
ing the presence of these inclusions. These bodies/granules in 
RBCs are nonheme iron, resulting from an excess of available 
iron throughout the body. Even though Pappenheimer bodies 
and siderotic granules are the same inclusion, they are desig- 
nated differently depending on the stain used. The inclusions 
are termed “Pappenheimer bodies” when seen in a Wright- 
stained smear (Fig. 4-31) and “‘siderotic granules” when seen 
in Prussian blue or other kinds of iron stain. The explanation 
for the difference in terminology is that Romanowsky stains 
(such as the Wright stain) visualize Pappenheimer bodies by 
staining the protein matrix of the granule, whereas Prussian blue 
Stain is responsible for staining the iron portion of the granule. 
Once the presence of siderotic granules has been con- 
firmed by iron stains, the cells in which they are found are 


FIGURE 4-30 Note the cells with red cell inclusions: basophilic stippling 
seen on a peripheral smear in a patient with lead Poisoning. 
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FIGURE 4-31 Pappenheimer bodies (Wright stain). 


termed “siderocytes.” Siderocytes containing a nucleus are 
described as sideroblasts and are commonly seen in sidero- 
blastic anemias. Sideroblasts exhibiting numerous siderotic 
granules found within the mitochondria forming a ring around 
at least one-third of the nucleus are labeled as pathological 
ringed sideroblasts. Siderocytes are seen in any condition in 
which there is iron overloading such as hemochromatosis or 
hemosiderosis. They may also be seen in the hemoglobinopa- 
thies (e.g., sickle cell anemia and thalassemia) and in patients 
following splenectomy. 


Heinz Bodies 

Heinz bodies are formed as a result of denatured or precipi- 
tated hemoglobin. They are large (0.3 to 2 xm) inclusions that 
are rigid and severely distort the cell membrane. They can be 
formed for visualization in vitro by incubation with phenyl- 
hydrazine (a strong oxidizing agent). On initial exposure to 
phenylhydrazine, small crystalline bodies appear, coalesce, 
and migrate to an area beneath the cell membrane. This pro- 
cedure is used before staining with crystal violet or brilliant 
cresyl blue where the presence of Heinz bodies may be seen 
on the peripheral smear. Heinz bodies cannot be visualized 
with Romanowsky stains (Fig. 4-32). 


FIGURE 4-32 Heinz body prep; note the appearance of Heinz body 
inclusions. 


> ADVANCED CONTENT 


Heinz bodies may be seen in the «-thalassemic syndromes, 

glucose-6-phosphate dehydrogenase (G6PD) deficiency 
‘under oxidant stress, and in any of the unstable hemoglo. 
_ bin syndromes (i.¢., hemoglobin KéIn, hemoglobin Zurich). 
& they may also be seen in red cell injury resulting from 
chemical insult. 


Cabot Rings 

The exact physiological mechanism in Cabot ring formation 
has yet to be explained. This structure may represent a part of 
the mitotic spindle, remnants of microtubules, or a fragment 
of the nuclear membrane. Cabot rings are found in heavily 
stippled cells and appear in a figure-eight conformation simi- 
lar to the beads of a necklace (Fig. 4-33). Cabot rings may be 
found in megaloblastic anemias, dyserythropoiesis, homozy- 
gous thalassemia syndromes, and postsplenectomy. Table 4-5 
summarizes abnormal red cell morphologies and associated 
disease states. 


Hemoglobin C Crystals 
Hemoglobin (Hb) C crystals may be found in hemoglobin 
C disease. HbC disease is a mild chronic hemolytic anemia 
in which the patient is homozygous for the abnormal hemo- 
globin C.? HbC crystals are formed by the crystallization of 
the abnormal hemoglobin into one end of the red cell mem- 
brane. The crystal forms in a hexagonal shape with blunt 
ends, leaving the remainder of the cell with the appearance 
of being empty. These crystals tend to stain dark red and are 
said to resemble a “bar of gold” and may be referred to as 
such (Fig. 4-34). 

HbC crystals may not always be demonstrated in HbC 
disease, but their appearance has been found to increase after 
splenectomy. HbC crystals are not seen in HbC trait (HbAC). 


Hemoglobin SC Crystals 
Hemoglobin SC (HbSC) crystals may be found on the 
peripheral smears of patients diagnosed with HbSC disease. 


G5 
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FIGURE 4-33 Note the appearance of a Cabot's ring in the cell at the 
arrow. 


; a 5 Summary of Abnormal Red Cell 
rphologies and Associated Disease States 


Associated Disease States 


lron-deficiency anemia 
Thalassemias 

Lead poisoning 
Sideroblastic anemia 


Megaloblastic anemias 
High reticulocyte count 
Liver disease 
Myelodysplatic syndromes 


Liver disease 
Hemoglobinopathies 
Thalassemias 
Sideroblastic anemia 


Hemolytic anemias 
Post-transfusion 
Hereditary spherocytosis 


Hereditary elliptocytosis 
lron-deficiency anemia 
Thalassemias 


Acute alcoholism 
Malignancies 


Sickle cell anemia 
Sickle thalassemia 


Congenital abetalipoproteinemia 
Vitamin E deficiency 
Alcohol intoxication 
Postsplenectomy 


. 


Liver disease 
Renal disease 
Severe burns 
Bleeding gastric ulcers 


G6PD deficiency 
Pulmonary emboli 


Disseminated intravascular 
coagulopathy (DIC) 
Thrombotic thrombocytopenic 
purpura (TTP) 

Hemolytic uremic syndrome 
Microangiopathic hemolytic 
anemia 


. 


Severe anemias 
Myeloproliferative disorders 
Pernicious anemia 


SC disease is a chronic hemolytic disorder punc- 
ute painful crisis and diverse chronic organ dam- 
y 10 the presence of both HbS and HbC."” The 
BY of the disease is exacerbated by the presence 


Obins, as they tend to exhibit traits that are 
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FIGURE 4-34 Note the hexagonal-shaped crystal inclusions in a 
peripheral smear from a patient with HbC disease. These HbC crystals 
leave the appearance of the remainder of the cellular cytoplasm as 
“empty” 


common to each such as sickling from HbS and crystallization 
from HbC. The result of this combination is the formation of 
crystals with fingerlike blunt-pointed projections protruding 
from the cell membrane. The projections have been said to 
resemble the Washington Monument, and consequently SC 
crystals may be referred to as “Washington Monument” crys- 
tals (Fig. 4-35) (see Chapter 11). 


Protozoan Inclusions 

Two organisms are briefly discussed in this section because 
of their tendency to invade the red cells, and the fact that 
their appearance on a peripheral blood smear is confirma- 
tion of infection by the organism. Although only an expe- 
rienced reviewer would be expected to differentiate these 
organisms, it is important that all slide reviewers have 
knowledge of these organisms to recognize their appear- 
ance as an abnormality needing further review or testing if 
incidentally found. 
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FIGURE 4-35 Note the “fingerlike projections" in this peripheral smear 
from a patient with HbSC disease, These HbSC crystals are said to Tesem 
ble the Washington Monument. 
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ADVANCED CONTENT 


All four species of the malaria parasite will invade RBCs. 
The species include Plasmodium vivax, Plasmodium 
malaria, Plasmodium falciparum, and Plasmodium ovale 
and are transmitted by the Anopheles mosquito (see Chap- 
ter 14). The parasite may appear in different forms (i.e., 
Ting or troph), and although it is important to the physician 
for a differential diagnosis and treatment, all reviewers are 
not expected to be proficient in identification of the spe- 
cific form. The primary concern is the recognition of the 
abnormality as a parasite and that it is not confused with 
normal morphology such as platelets superimposed over 
red cells. 

Babesia microti is also an organism that invades red 
cells. It is transmitted by tick bites and may appear as ring 
forms resembling some forms of malaria. The distinguish- 
ing feature of Babesia is that it also invades blood circula- 
tion and on blood smears may appear in groups outside the 
erythrocyte. Patient symptoms and travel history are also 
useful in differentiating the two organisms (Fig. 4-36). 
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FIGURE 4-36 Comparison of babesiosis (/eft) and malarial forms (right). 


Examination of Platelet Morphology 


The normal platelet has several distinctive morphological char- 
acteristics. This structure measures approximately 2 to 4 jzm, 
with a discoid shape and even blue granules dispersed through- 
out a light-blue cytoplasm (Fig. 4-37). In rare instances, one 
may see megakaryocytic fragments in the peripheral circulation. 


BESTS se 
ADVANCED CONTENT 


A close and thorough examination of platelet morphology 
provides important information about the patient’s hemostatic 
capability. Variation in platelet morphology may be seen in 
infiltrative disease of the bone marrow (e.g., primary myelofi- 
brosis or metastatic infiltrates). Large platelets may be seen in 


FIGURE 4-37 Normal platelets at arrows. 


any disorder associated with increased platelet turnover, such 
as may occur with idiopathic thrombocytopenic purpura or 

bleeding disorders. In addition to the elevated platelet count, 
- morphological changes may also occur postsplenectomy. 


Slide reviewers should be aware that spurious thrombo- 
cytopenia can sometimes occur in samples that are collected 
with EDTA. Patients that have an antibody to that specific 
anticoagulant can have platelets that form rosettes and sat- 
ellite around neutrophils” and are often flagged by the 
hematology analyzer as “platelet clumping.” Although this 
is a rare occurrence, it can be resolved by recollecting the 
peripheral blood sample with sodium citrate as the tube anti- 
coagulant.”! A stained slide made from the citrate tube should 
then be reviewed to confirm the resolution, and the platelet 
count will need correction before reported. Figure 4-38 shows 
platelets surrounding a neutrophil. A careful investigation 
into the patient’s clinical presentation along with the delta 


FIGURE 4-38 Note the platelets surrounding the neutrophil (satellitis™) 
Photo courtesy of Birte Hanisch. 
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9 considered in these patients before reporting 


KI QUESTION 
tted sample is submitted for a CBC, would 
ct the platelet count to be falsely elevated 
What might be found on peripheral 


in of White Blood Cell 


of white blood cells (WBCs, leukocytes) is 

ily in response to abnormalities identified 
tomated blood cell counter. As with the evaluation 

1orphology, the technologist must be proficient in 
on of normal WBC morphology to adequately 
slogical abnormalities. Figure 4-39 includes 
phil as well as a normal lymphocyte. Slide 
be able to recognize the appearance of normal 
al size, their shape, and their overall appear- 
ust also distinguish between normal granularity 
of abnormal inclusions. 


ite Blood Cells 

are present, a skilled reviewer should be able 

line and the stage of maturation. The pres- 

ature cells is a significant finding, with the greater 
Ppically, the more severe the diagnosis. 


D CONTENT 


more immature forms such as promyelo- 
s, in the absences of severe infection, 
direct marrow architectural involvement. 
€ an infiltrative, neoplastic, or myelopro- 
Regardless of the reason for the appear- 
e cells, the reviewer should be able to 
accurately. Proper cellular identification 
be critical to the patient’s diagnosis and 


matul 


Cell Morphology 
@ blood cells may exhibit several morphologi- 
the performance of a slide review and WBC 
» the reviewer should take note of the appearance 
WS Of the white cells as well as the cytoplasm. 
tend to exhibit a wider variety of morphological 
le other cell types. These changes originate in 
N response to various pathological processes. 
ion may involve the appearance or lack of 
Ons. Severe infections, inflammatory con- 
oid reactions may be accompanied 
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FIGURE 4-39 A, Normal neutrophil, B, normal lymphocyte. 


by toxic granulation, toxic yacuolization, or the presence 
of Déhle bodies (see Chapter 16). Toxic granulation and 
Déhle bodies are generally considered nonspecific reactive 
changes, whereas vacuolization strongly indicates a serious 
bacterial infection. This must also be noted with its impor- 
tance determined by the physician based on the patient’s clin- 
ical presentation. 

In addition to these morphological changes, severe bacte- 
rial infections are also commonly associated with a moder- 
ate leukocytosis and a shift to the left in granulocytes. Mild 
infections are characterized by a slight leukocytosis, with 
or without the shift to the left. Leukocytosis commonly 
refers to an increase in peripheral blood leukocyte (WBC) 
concentration of greater than 10,000 cells/L. A shift to the 
left implies a release of younger granulocytes—specifically 
bands and metamyelocytes—from the bone marrow storage 
pool. These particular cell populations may often be observed 
during an infection or inflammatory process. The degree of 
leukocytosis or neutrophilia is useful in discriminating among 
bacterial, viral, or fungal conditions. Because acute infection 
can rapidly mobilize the neutrophilic nondividing marrow 
storage pool, the patient usually has a WBC count below 
50,000 cells/zL (average is 25,000 cells/j:L). A shift to the left 
is seen in the peripheral blood smear; however, it is unusual 
to see cells as immature as myelocytes in the peripheral 
blood. Fungal infections may also be associated with neu- 
trophilia and an increased WBC count, but a monocytosis is 
more commonly observed. Viral infections usually are not 
associated with neutrophilia but rather with lymphocytosis 
(see Chapter 16). 


pe ADVANCED CONTENT 


Leukemoid reactions are characterized by a peripheral 
neutrophilia that may resemble a chronic leukemia. The 
WBC count is between 50,000 and 100,000 cells/uL, with 
immaturity observed in one or more cell types. However, 
a high blast count is not part of the WBC differential pic- 
ture, which can be helpful in eliminating leukemia as part of 
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| the differential diagnosis. Acute infections, chronic infec- 
' tions such as tuberculosis and chronic osteomyelitis, as 
well as severe metabolic inflammatory and neoplastic 
) processes have all been associated with leukemoid reac- 
_ tions. Extremely elevated WBC counts (greater than 
: 100,000 cells/:L) are more suggestive of a myeloprolif- 
_ erative process (see Chapters 18 and 19), although excep- 
| tions have been reported. 


The reviewer should also take note of the appearance of 
the nucleus of the neutrophils and in particular the number 
of segmentations. The appearance of increased segmentation 
(normal is three to five lobes) may indicate a megaloblastic 
process. This is referred to as hypersegmentation and is 
reported when neutrophils contain greater than five lobes or 
when significant numbers of neutrophils all contain at least 
five lobes or more. The decreased segmentation should also 
be noted, as it may be an indication of a benign hereditary 
condition known as Pelger—Huet anomaly or may actually be 
the result of a leukemic process. This decreased segmentation 
consists of neutrophils with two lobes or less and is described 
by the term hyposegmentation. 

Physiological leukocytosis is defined as an increased WBC 
count without a shift to the left or any associated morpho- 
logical changes previously described for granulocytes. This 
transient condition may be associated with such stimuli as 
exercise, intense emotional stress, anesthesia, or the adminis- 
tration of epinephrine or glucocorticoids. 


WEC Cytoplasmic Inclusions 

Cytoplasmic inclusions in WBCs can often indicate a severe 
clinical presentation, and the competent morphologist must 
alert the clinician to their presence. Most notable inclusions or 
cytoplasm variations include toxic granulation and vacuoliza- 
tion, Déhle bodies, blue-green crystals, and morulae from 
Anaplasmosis. 


Toxic Granulation and Vacuolization 

Toxic granulation describes medium to large granules that 
are evenly scattered throughout the cytoplasm of segmented 
polymorphonuclear neutrophil leukocytes. These granules are 
seen in metabolically active neutrophilia and are composed of 
peroxidases and acid hydrolases. Although nonspecific, they 
may occur in patients with severe bacterial infections, toxemia 
of pregnancy, vasculitis, or in patients receiving chemother- 
apy. Toxic vacuolization refers to the round, clear unstained 
areas that are dispersed randomly throughout the cytoplasm of 
neutrophils in patients with overwhelming infections. 


Déhle Bodies 
Additional cytoplasmic inclusions—Déhle bodies—are oval, 
blue, single, or multiple inclusions originating in RNA and are 
1 to 3 pm in diameter. Déhle bodies may be seen in periph- 
eral blood smears of patients with severe infections, in patients 
with severe burns, in pregnant women, and in patients receiy- 
_ ing chemotoxic drugs. In these conditions, they represent toxic 
changes; however, Déhle body-like inclusions are also char- 
acteristically observed in certain congenital qualitative WBC 


_——“ 


disorders such as the May—Hegglin anomal 


Y and Ch 
Higashi disorder (see Chapter 24). Chédiy, 


Blue-Green Crystals 

Refractive blue-green crystals are a rare, yet or 
inclusion that have been found in the neutrophils of crit 

ill patients. These inclusions are most commonly tcteon 
the cytoplasm of neutrophils but can also be found in : in 
cytes. While they are thought to be composed of lipo re 
their origins are not completely understood. These 
are acid-fast and have a high lipid content. Formerly a 
“Green Crystals of Death,” they are associated with elevates 
lactate levels and multisystem organ failure, SPecifica), 
the liver.” The finding and reporting of these crystals ar. h 
utmost importance as their presence is an indication of Tite 
tality. Figure 4-40 depicts these crystals. 
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Anaplasmosis 

Not to be confused with the aforementioned blue-green en). 
tals, an infection with the bacterium Anaplasma phago.,. 
tophilum can cause similar-appearing intracellular parasiji: 
inclusions in WBC. Figure 4-41 shows this cytoplasmic incly. 
sion called morulae (clumps of blue-grey stained bacteria): 


FIGURE 4-40 Blue-green crystals in a neutrophil. Photo courtesy of 
Angela Bottoms-Popken. 


FIGURE 4-41 Morulae seen in a neutrophil. 


ADVANCED CONTENT 


ranulocytic Anaplasmosis was formerly called 
liosis and is a disease most often transmitted by the 
ick. Patients present with fever, decreased WBCs, a 


SUMMARY CHART 


an automated cell counter, a flag is a signal that a 
ificant abnormality may be present in the sample. 
delta check is the comparison of current results with 
ious results. 

x testing is when current results indicate the need 
or additional testing and those analysis are automati- 
cally ordered for evaluation. 


ipheral smear analysis should always start with 


differential and RBC evaluation should take 
lace under oil immersion 100. 

al RBC morphology includes a discoid shape 
pm in diameter. 

es are associated with an MCV of less than 
and are seen in IDA, thalassemias, sideroblastic 
and anemia of chronic inflammation. 

es are associated with an MCV of more than 
_and are seen in megaloblastic and nonmega- 
tic processes. 

n in cell size is termed anisocytosis. 

in cell shape is termed poikilocytosis. 

d blood cell distribution is when red 

e but not touching or overlapping one 


ytes are associated with high reticulocyte 
liver disease; oval macrocytes are 
ith megaloblastic processes. 
at appear polychromatophilic on a 
ned smear would appear as reticulocytes 
ta in 
ociated with hereditary spherocytosis 
is greater than 36% in many cases. 
o be seen in autoimmune 
ATHA) and post-transfusion. 
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left-shift, decreased platelets, and elevated liver enzymes.” 
Confirmation of the disease can be made with PCR or anti- 
body testing. 


There are two types of sickle cells, irreversible sickle 
cells (ISCs) and oat-shaped, reversible sickle cells that 
are both commonly seen in HbS disease. 


Any regenerative red cell process can result in inclu- 
sions such as Howell-Jolly bodies, basophilic stippling, 
and Pappenheimer bodies. 


Howell—Jolly bodies, Pappenheimer bodies, and 
basophilic stippling may be seen in peripheral smears 
stained with both Romanowsky type stain (i.e., 
Wright’s, May—Grumwald) and supravital stain (i.e., 
new methylene blue, brilliant cresyl blue). 

Siderotic granules and Pappenheimer bodies are 
basically the same inclusion. The differentiating factor 
is that on an iron stain the inclusions are known as 
siderotic granules whereas on Wright’s stain they are 
known as Pappenheimer bodies. 

Howell-Jolly bodies are seen in patients 
postsplenectomy. 

Helmet cells are seen in patients with G6PD syndrome 
and occur as a result of Heinz body formation. 

Heinz bodies cannot be seen on a Wright-stained 
peripheral smear. 

Abnormal platelet morphology includes lack of granu- 
lation, giant platelets, and megakaryocytic fragments. 
Platelet satellitism may cause pseudo thrombocytopenia 
in samples collected in EDTA, 

Abnormal white cell morphology includes the presence 
or absence of cytoplasmic granulation, presence of 
cytoplasmic inclusions, presence of cytoplasmic vacu- 
olizaton, as well the appearance of the cellular nucleus. 
Hyposegmentation describes decreased neutrophil 
segmentation (=2 lobes). 

Hypersegmentation describes increased neutrophil 
segmentation (=5 lobes). 
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A 1-year-old African American child is brought to the emer- 
gency department by her mother because the child had no 
appetite and had not eaten in the last 2 days. Additional 
information from the mother described a normally happy 
child who had recently become restless and irritable. She 
was learning to walk but now would not even attempt stand- 
ing. She has had a low-grade temperature which is now ele- 
vated to 102°F. On examination, there is a definite yellow 
tinge to the sclerae, and the spleen is palpable. Also noted 
was a spindle-shaped deformity of two fingers on the right 
hand that were swollen and obviously painful to the touch. 
The CBC results were as follows: 


CBCResults Patient Results Reference Range 
WBC 17.0 X 10°%/L 6.0-17.5 & 10°7/L 
RBC 2.4 X 10"/L 3.8-5.5 X 10"/L 
Hgb 7.5 g/dL 12-14.5 g/dL 
Het 22.0% 30%—43% 

MCV 92 fl 80-100 fL 
RDW 18% 11.5%—14.5% 
WBC Differential RBC Morphology 
40% Granulocytes Anisocytosis 3+ 
58% Lymphocytes Poikilocytosis 3+ 
2% Monocytes Hypochromia 1+ 

Macrocytosis 1+ 
Microcytosis 1+ 
Schistocytes 2+ 
Sickled cells des 
Targets det 
Polychromasia ‘Ee 


Additional Tests Ordered 


Reticulocyte count 13% 

Sickledex Positive 

Hgb electrophoresis Hgb SS pattern 
DISCUSSION 


Sickle cell disease is a hereditary disease that results in a 
chronic moderate to severe hemolytic anemia. The disease 
is characterized by the substitution of valine from the nor- 
mal glutamic acid at the sixth position in the 8-chain, result- 
ing in an abnormal hemoglobin that polymerizes when 
exposed to low oxygen-tension conditions. This polymer- 
ization results in the formation of sickle-shaped cells that 
are capable of temporarily or permanently blocking micro- 
circulation, and the resulting stasis may lead to hypoxia and 
ischemic infarcts of various organs. 

The disease is not evident at birth and does not manifest 
itself until the gamma chains of the newborn are replaced 
by B-chains after 3 to 6 months of life.'® Clinical manifesta- 
tions may be divided into acute and chronic episodes. Acute 
lems result from a vaso-occlusive crisis termed “sickle 
crisis.” This “crisis” typically includes an acute hemo- 
episode as well. Patients in sickle cell crisis present 


| 
: 
: 


with acute pain, fatigue, and possibly jaundice, A}) thr 
these symptoms were present in our case study, as w 
dence of some form of anemic process. 

Chronic manifestations of sickle cell disease Usual 
appear after mid-childhood."* These include disturban 
in growth and development, bone and joint disease Ss 
organ damage involving mostly all of the organ “ 
tems of the body at some point during the process of th 
disease. c 


QUESTIONS 

1. Are the morphological findings on the blood film cor. 
patible to the results from the analyzer? 

2. Did the other tests ordered confirm a probable 
diagnosis? 

3. Is the reticulocytes count useful? 


C of 
as evi. 


ANSWERS 

1. Note: Manual differential and morphology review per- 
formed due to flagging of analyzer results (Fig. 442). 
Morphology results correlate with the values from the 
instrument, for example, the RDW is elevated, and this 
is reflected on the smear as 3+ anisocytosis. 

2. Yes. The sickledex is a screening test performed on 
whole blood and is positive in both sickle cell dis- 
ease and sickle cell trait. The confirmatory test is the 
hemoglobin electrophoresis, which will differentiate 
abnormal hemoglobin traits from abnormal hemoglobi: 
disease. In this case, the presence of the SS pattern is 
diagnostic of Hgb S disease, which will result in sickle 
cell anemia. 

3. Yes. The reticulocytes count is a valid indicator of 
bone marrow performance. In cases of sickle cell 
crisis, in which the nonfunctional sickle cells are bein 
destroyed, a properly functioning marrow should 
accelerate the hematopoietic process. The 13% reticu 
locytes count is indicative of a proper response by the 
bone marrow to the hemolytic process the patient was 
experiencing. 
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FIGURE 4-42 Case study; note abnormal red cell morphology 
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ASE STUDY 4-2 


erformed on a sample in the hematology labora- 
BC results were as follows: 


BC Results Patient Results Reference Range 
9.0 X 10°/L 6.0-17.5 X 10%L 
4.2 X 10"/L 3.8-5.5 X 10”/L 
12.2 g/dL 12-145 g/db 
36.0% 30% 43% 
102 fl 80-100 fl 
14.7% 11.5% =14.5% 


Granulocytes 
Lymphocytes 
Monocytes 


results from the analyzer, what should you 
on the peripheral smear regarding RBC 


rmal platelet results 


hany oil immersion fields (OIFs) should be evalu- 
nine cell morphology? 


cyte has an average diameter of: 


orphological clue when suspecting lead 
of which of the following on a 
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2. With such a high percentage of neutrophils, what 
should these cells be evaluated for closely on peripheral 
smear review? 


ANSWERS: 

1, With a high MCV, there should be macrocytes present 
in the peripheral blood smear. Additionally, because the 
RDW is normal, it is likely that most of the RBCs pres- 
ent are macrocytes (meaning there is not a large amount 
of RBC variation). 

2. A high percentage of neutrophils could indicate an 
inflammatory or infectious condition. It is important to 
look for additional signs such as toxic granulation or 
Dohle bodies to aid in the differential diagnosis of these 
possible conditions. 


5. In which of the following disease states would you 
expect to find oval macrocytes on the peripheral smear? 
a. Iron deficiency anemia 
b. Lead poisoning 
c. Megaloblastic anemia 
d. Hereditary spherocytosis 


6. In which of the following would you expect to find 
hyposegmented neutrophils? 
a. Liver disease 
b. Megaloblastic anemia 
c. Sickle cell anemia 
d. Pelger-Huet anomaly 


7, An abnormal erythrocyte seen in liver disease, hemo- 
globinopathies, and thalassemias and is characterized 
by the “bull’s eye” area is known as a: 

a. Stomatocyte 

b. Target cell 

c. Schistocyte 

d. Hypochromic cell 

8. Morphological abnormalities found in cases of severe 
burns, microangiopathic hemolytic anemias, and dis- 
seminated intravascular coagulation (DIC) are: 

a. Schistocytes 
b, Crenated cells 
c. Ovalocytes 

d. Stomatocytes 


Continued 
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REVIEW QUESTIONS—cont'd : 5 Ps 


9. 


10. 


11. 


12. 


13. 


14. 


16. 


Oat-shaped cells may be associated with: 
a, Myelofibrosis 

b. Hereditary spherocytosis 

c. Burns 

d. Sickle cell anemia 


How would a cell be classified that has a diameter of 
9 «um and an MCV of 104 fL? 

a. Macrocytic 

b. Microcytic 

c. Normal 

d, Either normal or slightly microcytic 


Abnormal platelet morphology may be observed most 
prominently in: 

a. Primary myelofibrosis 

b. Anemia of chronic disorders 

c. Hereditary spherocytosis 

d. Septic shock 


Which type of red cell inclusion is a DNA remnant? 
a. Heinz body 

b. Howell—Jolly body 

c. Pappenheimer body 

d. Cabot ring 


Which of the following is considered a microcytic/ 
hypochromic anemias? 

a. Autoimmune hemolytic anemia 

b. Pernicious anemia 

c. Iron deficiency anemia 

d. Megaloblastic anemia 


A hypersegmented neutrophil may be seen in which of 
the following anemias? 

a. Iron deficiency 

b. Megaloblastic 

c. Autoimmune hemolytic anemia 

d. Anemia of chronic disorders 


. Precipitates of denatured hemoglobin found primar- 


ily in patients with hemolytic anemia resulting from 
oxidant stress describe: 

a. Howell—Jolly bodies 

b. Heinz bodies 

c. Basophilic stippling 

d. Pappenheimer bodies 


Pappenheimer inclusions are formed from: 
a. Excess a-chains 

b. Excess B-chains 

c. Excess iron 

d. Oxidant stress 


17. 


18. 


19. 


20. 


21. 


Which of the following RBC inclusions results from 
an acceleration in hemoglobin biosynthesis and con- 
sists of RNA? 

a. Howell—Jolly bodies 

b. Heinz bodies 

c. Basophilic stippling 

d. Pappenheimer bodies 


A release of younger WBC from the bone marrow in 
response to an infection or inflammatory process is 
termed: 

a. Shift to the left 

b. Leukocytosis 

c. Toxic vacuolization 

d. Right shift 


Hypersegmentation is reported when the number of 
lobes of neutrophils exceed: 
a. 1 


b. 2 
3) 
d. 5 


Blue oval cytoplasmic inclusions found in the neu- 
trophils of patients with severe burns and receiving 
chemotoxic drugs are: 

a. Cabot rings 

b. Déhle bodies 

c. Anaplasmosis 

d. Howell-Jolly bodies 


21. Which of the following should be evaluated for 
clumping on a stained peripheral smear? 

a. NRBCs 

b, RBCs 

c. Platelets 

d. Neutrophils 


The following answer pool is used for items 22 to 
36 (Match) 


a, Anisocytosis 
b. Poikilocytosis 
c. Hypochromasia 
d. Microcytic 

e. Drepanocyte 


f. Polychromasia k. Schistocytes 
g. Microspherocytes 1. Rouleaux 

h. Target cells m. Acanthocytes 
i. Stomatocytes n. Dacrocytes 
j. Blister cells 0. Echinocytes 


22. RBCs with a large area of central pallor 


23. Variation in the size of the red blood cells 


24. Also known as codacytes 


25. RBCs appearing stacked on each other 
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of 65% 33. Congenital abetalipoproteinemia 
Cs with a mouthlike central pallor 34. The formation of a vacuole in an RBC 


; RI 3Cs without an area of central pallor “trapped” by fibrin 
Os with evenly distributed spicules on the ___ 35. Formed when an RBC with an inclusion 
nbrane squeezes out of a tight space 


36. Seen in HbS disease 


appearing bluish in color 
ation in the shape of the RBCs 


See answers at the back of this book. 
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CHAPTER OUTLINE 


Quality Management Preanalytical, Analytical, and Hematology Laboratory Applications 
Legal implications Postanalytical Factors in Testing Quality Plan Example 
Quality Management Plans Accuracy, Precision, and Error Method Validation Studies 
Quality Approaches Method Validation Quality Control 
Quality System Essentials CLIA Minimum Quality Control Case Study 5-1 
Quality Assurance and Quality Requirements Case Study 5-2 
Contro! Levy—Jennings Graphs Review Questions 
Key Definitions Westgard MultiRule Quality Control References 


General Quality Assurance Control 
Activity Guidelines 


LEARNING OBJECTIVES 


At the end of this chapter the learner should be able to: 


5-1 


5-2 


5-3 


5-4 


5-6 
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Discuss how quality policies and processes are 
integrated into the laboratory to create a quality 
management system. 


Describe the role of the Centers for Medicare & 
Medicaid Services (CMS) in regulating laboratory 
testing. 

List and describe the seven principles of a quality 
management system. 


Discuss when and how the following quality 
approaches are used: 


a. Benchmarking 

b. Lean 

c. Six Sigma 

d. Root Cause Analysis (RCA) 

e. Failure Mode & Effects Analysis (FMEA) 
f. 


Define, Measure, Analyze, Improve, and Control 
(DMAIC) 
Explain the significance of each of the Quality System 
Essentials (QSE). 
Discuss the specimen Path of Workflow in the 
preexamination (preanalytical), the examination 
(analytical), and the postexamination (postanalytical) 


Peer Group Quality Control 


5-7 


5-15 


stages and how quality processes are critical to 
quality patient results. 

Define accuracy, precision, and error as they apply to 
test results. 

Explain standard deviation and how it is related to 
the distribution of results about the mean. 


Outline the process for method validation, including 
the various experiments required to determine the 
reportable range and the reference range. 

Describe the purposes of QC matrix and assayed vs 
unassayed QC as quality control materials. 

Discuss the importance of Delta Checks for test result 
integrity and patient safety. 

Describe a Gaussian distribution and how it applies 0 
quality control. 


Diagram examples of a trend and shift from a 
Levy—Jennings graph. 

Discuss the Westgard MultiRules decision criteria and 
how they are used to determine whether a quality 
control run is acceptable. 


Describe when a method validation study is 
necessary. 


Jaboratories provide essential information for 
quality patient care. Health-care practitioners 
ry test results for screening, diagnosis, treatment, 
‘monitoring of disease. At one time, the level of 
“quality was mainly associated with analytic errors; 
laboratory was generating perceived good re- 
s considered enough. Since the introduction of 
Laboratory Improvement Act (CLIA)! in 1988, 
quality system has continuously evolved to 
comprehensive, overarching quality manage- 
m that includes not only analytic errors but all 
tory medicine. 
cies and processes are integrated in all areas of the 
jing with the preexamination phase, through the 
phase, to the postexamination phase. As the quality 
‘system has matured, patient outcomes, now consid- 
e postexamination phase, are included in the evalu- 
defines quality health-care delivery. 


anagement (QM) includes all processes that affect 
/ of a laboratory test result from beginning to end. A 
sult is accurate and precise, gives the clinician the 
to make a medical decision, and is within a rea- 
(Fig. 5-1). How does a laboratorian ensure qual- 
sses are designed with quality built into every 
ay to comply with regulatory guidelines and best 
S. Quality is everyone’s responsibility. With the 
ent of technology, the expanding test menu, and 
ber of tests available to order, ensuring the correct 
lected to provide maximum benefit to the patient is crit- 
n of collection of the specimen, analysis of the 
ance of results, and verification the clinician 
fe results with minimal delay are just a few of 
consider for ongoing continuous improvement. 


'icatio ns 
ies and their personnel have potential to incur legal 
ity management procedures are not instituted 
hen a laboratory professional fails to adhere 


ts Of a quality laboratory result, 
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to the policies and standard operating procedures, errors may 
occur that lead to adverse consequences for patients. In gen- 
eral, laboratories are more likely to be liable for regulatory 
violations than to be sued for negligence or other legal rea- 
sons. However, litigation can occur, and individual laboratory 
technical personnel may be held liable for harm if the patient 
can show that the individual acted negligently? Errors in the 
laboratory have direct consequences to patient care as well 
as ultimately patient outcomes. Medical errors also directly 
affect public confidence and harm the reputation of a hospital 
or medical center. 


Quality Management Plans 


The Centers for Medicare & Medicaid Services (CMS) reg-— 


ulate all laboratory testing (except research) performed on 
humans in the United States through the Clinical Laboratory 
Improvement Amendments of 1988 (CLIA). According to 
CLIA’s Survey Procedures and Interpretive Guidelines for 
Laboratories and Laboratory Services (Appendix C) Part 
493, Laboratory Requirements,’ all laboratories that perform 
patient testing must have a quality management plan. 

To assist laboratories, CMS has identified accreditation 
organizations that meet or exceed the CLIA requirements 
and have deemed status for inspecting laboratories. The Col- 
lege of American Pathologists (CAP), The Joint Commission 
(TJC), and AABB are three examples. These accrediting bod- 
ies have resources available to assist laboratories in creating 
a quality program. The CAP, TJC, and AABB have incorpo- 
rated regulations from CLIA into their accreditation checklist 
questions and standards. Another resource for quality man- 
agement is the Clinical and Laboratory Standards Institute 
(CLSI). CLSI is a not-for-profit organization committed 
to advancing excellence in laboratory medicine. The CLSI 
Standards and Guidelines are developed by an international 
group of subject matter experts with a vast knowledge of reg- 
ulatory requirements. These individuals work together to cre- 
ate consensus documents that may be used by laboratories, 
both in the United States and worldwide. 

Laboratory leadership can decide how they would like to 
implement their Quality Management System. The primary 
objective should be patient safety based on quality test results. 
The seven QMS principles* are: 


1, Customer focus; Meeting customer requirements and 
striving to exceed customer expectations. 

2. Leadership: Leaders at all levels must work together to 
create an environment in which people are engaged in 
attaining laboratory quality goals. 

3, Engagement of personnel: There must be competent and 
engaged personnel throughout the organization to create 
and sustain the quality initiatives. 

4, Process approach: The QMS interrelated processes work 
as a system enabling an effective and efficient laboratory. 

5. Improvement; Creating a system or process for ongoing 
awareness for continuous improvement in laboratory 
operations. 

6, Evidence-based decision-making: Analysis and eval- 
uation of patient and test data, identifying laboratory 
best practices, and possibly incorporating Diagnostic 
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Management Teams (DMT) tr clinician consultation for 
iproved pationt outoomes 

Relationship management Creating and sustaining rela- 
Honships with medical providers and practitioners. 


Quality Approaches 

TY get started, a variety of quality tools are available to assist 
With gauging how your laboratory iy currently finetioning and 
idontifving areas for improvement, 


Benchmarking 

Laboratory benchmarking is the practice of comparing the 
individual laboratory processes and performance metrics to 
intustey best practioes from other laboratories, Published sur 
Vveys are available with multihospital studies to evaluate how 
the laboratory is performing compared with its peers,’ 


Root Cause Analysis 

Root Cause Analysis (RCA) requires insight and under 
standing of how a process works, RCA examines what hap- 
pened, how it happened, and why it happened. Various models 
may be used to perform RCA, One of the more common tools 
is a method referred to as the Five Whys, The problem is 
investigated by asking why repeatedly until all the possible 
reasons for the problem are revealed, 


Lean 

Lean is a process improvement tool to identify nonvalue-added 
activities considered as waste,’ In health-care settings, Lean 
has helped reduce turnaround times and streamline and stan- 
danize processes throughout the laboratory, The seven types 
of waste, with examples, are: 


|, Defects; Errors in laboratory results or reports, missing 

reports, late reports, 

. Waiting: Laboratory personnel are waiting for the patient 

or the next batch of samples at receiving or testing, 

3, Extra processing: Rework, such as redraws and retesting 
that oceur because of defects in the original effort, 

4, Transport: Unnecessary movement of samples, supplies, 
paper, or staff, and retrieval of lost, moved, or misplaced 
items needed in the work, 

5. Motion: Extra steps taken by staff to accommodate work- 
arounds arising from inefficient layout of instrumentation, 
supplies, storage, or information, 

6, Inventory: Uxtra inventory of laboratory reagents, sup> 
plies, paper, and other materials that are assets and not 
directly required for the current work, 

9». Overproduction; Performing unnecessary laboratory 
testing for any reason, 
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Six Sigma 

The Six Sigma approach foouses on reducing waste by reduc: 
ing variation.’ The term “Six Sigma” refers to a caleulation for 
the Sigma scale; a quality process would have a Sigma seore 
between 4 and 6 Sigma. To achieve Six Sigma (excellent qual: 
ity), a process must not produce more than 4.4 defeets per mil: 
lion opportunities. Many organizations, from the government 
to private and publie companies, are now using Six Sigma 


practives. 


Failure Mode and Effects Analysis 

Failure Mode and Effects Analysis (FMEA) is a risk man. 
agement tool used in health care to identify possible failures 
of'a product or service and then determine the occurrence rate, 
severity, and detectability of a failure. For example, a test 
result would be the product, and a failure could be an incorrec 
test result that could potentially harm the patient. Multiplying 
the rate of severity of harm by the frequency that the harm 
might occur by the detectability of the error provides the risk 
priority number (RPN), (Risk Priority Number = Severity x 
Occurrence X Detection.) The higher the RPN, the greater the 
risk to the patient, 


Define, Measure, Analyze, Improve, and Control 

Define, Measure, Analyze, Improve, and Control (DMAIC) 
is a tive-phase method for improving existing process prob- 
lems with unknown causes, The define phase is identifying 
the problem; the measure phase involves collecting the data 
around the problem; the analyze phase begins with under 
standing the problem; the improve phase involves designing 
an intervention; and the control phase ensures the intervention 
is working and sustained (Fig. 5-2). 


Quality System Essentials 

The Quality System Essentials (QSEs)° are a road map for 
how a laboratory establishes a Quality Management Sys- 
tem (QMS), The QSEs were developed by CLSI and use 
both national and international regulatory and accreditation 
requirements, Following the recommended sequence of the 
QSEs provides an organized way to create an effective quality 
Management system, 

The sequence of the QSEs: 


. Organization and Leadership 

. Customer Focus 

. Facilities and Safety Management 

. Personnel Management 

. Supplier and Inventory Management 

. Equipment Management 

. Process Management 

. Documents and Records Management 


we 
cS 
/ 


wre 


xan nuwus 


Define 


\ 


FIGURE 8:2 DMAKE diagram, 


Analyze 


formation Management 
nforming Event Management 
TIC! its 

Improvement 


d Deming, who helped establish modern day 
ples, said, “Doing your best is not good enough. 
know what to do. Then do your best.” The QSEs 
it the laboratory needs to do for best performance 


and Leadership 
Sustain a quality system, the laboratory leader- 
‘be committed to quality and take responsibility for the 
implementation of the QMS. This involves devel- 
ity policies, processes, and procedures, and ensuring 
sources for budgets and staff hiring and training. 
the creation of an organizational chart and delegat- 
es is critical so laboratory personnel and regula- 
fs and inspectors know who is in charge. 


Focus 

omer is the recipient of a product or service. Labora- 
ns should consider who is receiving the service. 
ratory test and the format of that result should have 
health-care provider, who will then translate 
an action for a patient. Proper phone etiquette, 
on among laboratory departments, and calling criti- 
promptly are examples of good customer service. 
ing the customers is not only fulfilling reg- 
jents but also ensuring the needs of customers 


oe 
and Safety Management 
iboratory should establish and maintain a facility that 
‘space (for both testing and storage), efficient 
ign (including emergency power proved for 
oratory equipment), and environmental controls 


le 12 Quality Systems Essentials (QSEs). 
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for temperature, humidity, and ventilation conditions. To sup- 
port the safety of all personnel, there must be accommoda- 
tions and access for individuals with disabilities, protection 
of employees by providing adequate personal protective 
equipment (PPE), protection of patients and visitors from haz- 
ards, and emergency response systems. Safety management 
includes documented training for PPE, chemical hygiene, fire 
extinguisher use, and safety audits. 


Personnel Management 
Employees are the most valuable asset of any organization. 
Laboratory management must define the job qualifications 
and job descriptions for each laboratory role, determine edu- 
cational requirements, provide training, and ensure compe- 
tency. Assessment of competency for testing personnel must 
occur after initial training of the employee, at least semiannu- 
ally during the first year the employee is testing patient speci- 
mens, and then annually. 

The following six procedures are the minimal regulatory 
requirements for assessment of competency for all personnel 
performing laboratory testing:'° 


1. Direct observations of routine patient test performance, 
including patient preparation, if applicable, specimen 
handling, processing, and testing 

2. Monitoring the recording and reporting of test results 

3. Review of intermediate test results or worksheets, quality 
control records, proficiency testing results, and preventive 
maintenance records 

4. Direct observations of performance of instrument mainte- 
nance and function checks 

5. Assessment of test performance through testing previ- 
ously analyzed specimens, internal blind testing samples, 
or external proficiency testing samples 

6. Assessment of problem-solving skills 


In addition to competency, conducting annual performance 
evaluations provides useful feedback to the employee, pro- 
motes good communication, and contributes to the employ- 
ee’s professional development. Encouraging and supporting 
continuing education validates the individuals’ worth to the 
laboratory and promotes the importance of the medical labo- 
ratory profession. 


Supplier and Inventory Management 

Purchasing equipment, materials, and other products requires 
processes to ensure the suppliers can meet laboratory expecta- 
tions. Qualifying and selecting suppliers involves identifying 
laboratory needs, formalizing agreements or contracts, and 
developing a process for purchasing. Inventory management 
includes identification and tracking of critical materials and 
services. Monitoring and rotating inventory for usage and 
expiration dates minimizes waste, Purchasing sequestered lot 
numbers of reagents is desirable to reduce parallel testing time 
and money, and to ensure a more stable testing environment. 


Equipment Management 

When considering the purchase of new equipment, the follow- 
ing should be considered: cost, accuracy, precision, risk, use- 
fulness, ease-of-operation, maintenance schedule, consumables 
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required, and test menu. The laboratory must have an equipment 
qualification process that includes installation qualification 
(1Q), operational qualification (OQ), and performance qual- 
ification (PQ). The manufacturer often performs the IQ and ver- 
ifies the new equipment is functioning as expected. Laboratory 
personnel and the manufacturer perform the OQ to ensure the 
equipment is operational and includes powering up the equip- 
ment and various function checks. 

The final qualification is performance and is the respon- 
sibility of laboratory personnel. The purpose of the PQ is to 
confirm the equipment is producing results under a wide range 
of normal operating conditions. The laboratory sets the crite- 
ria for result acceptability. The laboratory personnel perform 
the PQ, and the test results must fall within the acceptability 
criteria detailed in the validation plan. 

Equipment management necessitates that the laboratory 
has a process to maintain files and records that include the 
IQ. OQ, PQ, maintenance, calibration, problems, service, and 
repairs, and finally decommission and final disposition. 


Process Management 

Process management is where most laboratories concentrate 
their quality practices. The laboratory needs to identify the 
path of workflow (preexamination, examination, and postex- 
amination) to monitor for every laboratory test, procedure, or 
service. Building quality requirements into work processes 
will ensure the production of quality results. Procedure manu- 
als, process maps, and flow charts document and communicate 
process requirements and provide consistent instruction on test 
performance and recording results. Figure 5—4 is an example 
of a flowchart for performing a sedimentation rate procedure. 
Process validation and verification is necessary for all labo- 
ratory processes and applies to testing, reagents, equipment, 


FIGURE 5-4 Flowchart of a sedirnentation rate procedure. 
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and computer systems. Autoverification is an example of an 
automated examination system that contains set criteria for the 
release of test results determined by the manufacturer. The |ab- 
oratory is responsible for verifying the release of test results by 
validating that the system has the capability to compare results 
with predetermined criteria and will not release results that 
have not met the criteria. When laboratory processes require 
change, a change management plan will provide justification 
and a plan for implementing the new process. 


Documents and Records Management 
The focus of this QSE is the creation, management, and reten- 
tion of laboratory policies, procedures, forms, and records 
There needs to be a process to identify and control documents 
as well as create, review, and approve new documents. The 
most important aspect of this QSE is ensuring the use of the 
current approved version, whether it is a laboratory policy, the 
testing procedure, or a form used for recording information 
Laboratories must comply with record retention require- 
ments according to the rules of state and federal regulatory 
agencies. 


Information Management 

Multiple areas within the laboratory must be concerned with the 
control of information. Information management provides pro- 
cesses to access patient data, in paper and electronic form, ' 
manage confidential information as well as internal and externa 
threats. Determining appropriate access to patient informatior 
by employees, such as electronic password requirements an 
conducting audits for risk management, are within the scope 
of information management. Confidentiality, security, and dat 
integrity are the foundation of information management. 


Nonconforming Event Management 

Nonconforming events (NCE), such as accidents, errors, a 
customer complaints, are any event that does not meet the 
specified requirements. NCEs require a process for detection. 
documentation, and analysis for identification of any trends 
Laboratory leadership is responsible for creating and encou! 
aging a culture to communicate these processes. The sever!) 
of the NCE will determine the action taken. A high-risk even! 
may require an RCA or additional investigation to identify the 
Cause to prevent or reduce the possibility of a reoccurrence 


Assessments 

There are internal assessments and external assessmeo!S 
Internal assessments include correlations between simi! 
instruments, audits, self-inspections, and quality monito® 
These assessments examine how the laboratory is meeting '* 
own requirements, External assessments are activities inv!” 
ing outside sources, A few examples of external assessm¢!* 
are proficiency testing, regulatory surveys, and/or accred!*” 
tion inspections. The purpose of these assessments is to eV?!” 
ate the effectiveness of the laboratory processes. 


Continual Improvement 

Continual improvement is a proactive strategy to reduce ™* 
and prevent nonconformances. Activities to monitor m2) 
the result of assessment findings, customer complaints. “’ 
high-risk events. Quality indicators, which are determines | 


od 


ip, are used to monitor performance and 
¢ improvement. 
the QMS becomes a circle of quality, with 
ing into the next one (Fig. 5-5). Laboratory qual- 
commitment of laboratory leadership, moves 
various QSEs, and finally, with continual improve- 
ack to the laboratory leadership to continue prop- 
daily and future laboratory processes. 


G QUESTION 
-~! 
jat you work in a laboratory and asks, “Can 
e results that you get from lab work?” 
wer them to communicate the level of 
e laboratory analysis contains? 


| Critical Thinking Questions at the back 


sur ance and Quality Control 


ssurance and quality control are often 
eably to refer to ways of ensuring the quality 
r However, these two terms have differ- 


is the planned and systematic activ- 
in a quality system so that quality 

for a product or service will be fulfilled. 
is a direct result of performing 

its. If the proper method validation was 
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performed, quality requirements met, and assessments 
completed, the clinician is assured that the test results 
are of the highest quality possible. 

* Quality control is the measurement of deviation from 
the average that is used in the interpretation of labo- 
ratory test results as well as monitoring the laboratory 
performance. 

¢ Quality assessment is a quality effort that is concentrated 
on assessing the testing process, procedures, and correc- 
tive action to prevent future problems. 


Important quality control definitions include: 


e Assayed control material - A commercially 
prepared assayed control has expected mean and SD 
values provided by the manufacturer. The laboratory 
will need to validate the values, usually by running a 
new lot of QC before an old lot has been exhausted or 
expired, referred to as parallel testing, before running 
the new lot of control material to monitor patient 
samples. 

e Control chart - A graphical method to display control 
results so that it is easier to determine whether a control 
run is in or out-of-control. Shifts and trends can be 
visually assessed using control charts. 

e Control limits - Statistical criteria of acceptability for a 
particular control material, usually derived from the mean 
and SD. The limits are placed on a control chart for ease 
of use. 

e Control rule - A decision criterion for judging a control 
material as acceptable or not. Westgard MultiRules are 
examples of control rules. 
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Delta checks - Comparison of the difference between 
measurements of an analyte (or combinations of analytes) 
on two separate samples from the same patient to pre- 
defined thresholds representing the limits of acceptable 
change. 

Matrix — A term describing the substance of the QC 
material. Regulations require that the control material 

be as close as possible to real human specimens. For 
example, urine tests should be controlled by a urine-like 
control material, etc. Sometimes animal materials are 
used because they are very close in nature to the human 
materials and easier to manufacture. 

Moving averages — Researchers discovered that red 
blood cell indices (mean corpuscular volume [MCV], 
mean corpuscular hemoglobin [MCH], and mean corpus- 
cular hemoglobin concentration [MCHC]}) were stable in 
a normal person over a long period of time.'? The mean 
of the RBC indices in the population of a laboratory are 
monitored for significant drifts or shifts in calibration, 
which may mean method quality problems. This QC 
procedure should not be the only source of QC of RBC 
indices, and laboratories running fewer than 100 CBCs a 
day should not utilize this procedure due to lack of suffi- 
cient data.'*'> 

Quality control levels - Each control level should be 
carefully chosen to monitor a critical medical decision 
level whenever possible. 

Quality control material - The purpose of a QC 
material is to monitor the analytical quality of a method 
to alert the operator when there is a problem.'? Most 
laboratories purchase commercially prepared materials 
due to ease of preparation, stability, and long shelf-life. 
At least two levels of controls are usually utilized per 
method. 

Quality control statistics - There are many mathematical 
calculations available to help determine whether a method 
is accurate and precise. Examples include Levy—Jennings 
plots, Youdin plots, Critical-Error graphs, Power Function 
graphs, correlation coefficient (r), linear regression, and 

t and F tests. 

Run - A finite length of time or number of patient sam- 
ples. QC is designed to be analyzed at the beginning and 
end of a run. The CLIA definition of a run for QC pur- 
poses is 24 hours for most analytes. However, coagulation 
and a few other tests require QC analysis every 8 hours. 
Shift - An abrupt move in which six or more consecutive 
QC values are above or below the mean. 

Statistical process control - Statistical process control is 
a general term for the parts of a control system in which 
Statistics are used, such as a Levy—Jennings graph. 

Trend - A slow change in QC values on a QC chart, either 
rising or falling steadily by a set of six or more consecu- 
tive data points. 

Unassayed Control Material - A commercially prepared 
control that does not have specific ranges verified by the 
manufacturer. The laboratory must run the control mate- 


rial in replicate over several days or weeks to establish an 
initial mean and SD. 


General Quality Assurance Control Activity 
Guidelines 

The CFR CLIA provides a broad outline of quality assurance 
activities based on a quality systems approach that follows 
the route of a specimen through the laboratory. The standards 
for quality systems are under the Analytic Systems section of 
subpart K?: 


e Procedure manual (§493.1251) 

e Test systems, equipment, instruments, reagents, materials, 
and supplies (§493.1252) 

e Establishment and verification of method performance 
specifications (§493.1253) 

e Equipment maintenance and function checks (§493.1254) 

e Calibration and calibration verification procedures 

(§493.1255) 

Control procedures (§493.1256) 

Comparison of test results (§493.1281) 

Corrective actions (§493.1282) 

Test records (§493.1283) 

Analytic systems assessment (§493.1289) 


Preanalytical, Analytical, and Postanalytical 
Factors in Testing 

Common sources of laboratory errors can be categorized as 
preanalytical, analytical, and postanalytical (Table 5—1). 


Preanalytical Factors 

Preanalytical factors are the most common source of labora- 
tory errors.'' From the time the health-care provider orders 
the test through the processing and delivery of the specimen 
to the laboratory, each step along the way has the potential 
for error. Proper identification continues to be a concern, as 
is collection and labeling of the specimens in the presence of 
the patient. Bar-coded labels have improved this process over 
the years. Timing of specimen collection for specific tests is a 
challenge, and often the specimen is not collected at the exact 
time necessary for optimum quality results. Deviations from 
the specimen transport policies reduce the quality of the spec- 
imen and ultimately the quality of the result. Specimens that 
need to be analyzed within a short time frame, such as coag- 


ulation tests, should be tested as soon as possible or stored 
appropriately. 


Analytical Factors 


Analytical factors are errors that occur during the testing phase 
of a specimen. For both manual testing and automated instru- 
ments, possible errors may include imprecision and inaccuracy 
of the test method. Imprecision and inaccuracy can be the result 
of many factors including calibration drift, reagent issues, instu- 
ment malfunction, and specimen collection issues such as hem0- 
lysis or clotting, The QC procedures chosen should be the result 
ofa logical evaluation of the method’s errors, probability of error 
detection and false rejection, control rules, and number of control 


measurements, Testing personnel must be trained and competent 
to perform and report out the results. 


Postanalytical Factors 


Postanalytical factors are errors that occur after the test restl!! 
has been released. Examples of these errors could be failure © 


_ 


Errors in the Testing Process 


: Common Errors 


Patient identification 
+ Sample identification 
Sample transport 
Sample handling 


* Calibration 

* Hemolyzed or Lipemic specimen 
Quality control 

Pipetting 


+ Result entry 

* Calculations 

* Delay in issuing corrected report 

+ Failure to communicate critical test result 


itical value or a delay in issuing a corrected 
which could directly affect patient care and 


fget analogy is used in Figure 5-6 to visually 
and precision,'! and Table 5—2 outlines the 
en the two concepts. 

| methods have some error. Error is the dif- 
the true value and the obtained value. How 
and precision are necessary or desirable? 
wable error and bias for the method? These 
be answered before purchasing a new instru- 


of replicate measurements and the true value. 

be expressed as a percentage or as a number 

an (average) of a set of numbers shows 
r error inherent in 


ber of observations (data points) and Xx = sum 


sample were run 10 times for hemoglobin 
results: 

8, 9.1, 8.9, 9.1, 8.6, 8.8 = the mean is the 
7. (To obtain the mean, the numbers are 
then divided by 10, the number of obser- 
ate is the data? The “true” value would 
In this case, the true hemoglobin value was 
ite the accuracy two ways: 


i(bias) = 8.8 — 8.7 = 0.1 g/dL or 
s)= 0.1/8.8 X 100 = 1.14% 
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B. Precision 


A. Accuracy 


FIGURE 5-6 Accuracy and precision can be compared with a target. 

A. Example of accuracy and precision (the shooter hit the “target” value, 
i.e., the bull’s eye, and also reproduced the shot several times). B. Precise, 
but not accurate, 


TABLE 5-2 Differences Between Accuracy 
and Precision 


Accuracy Precision 


Measured in bias Measured in SD or CV 


Measures systematic error Measures random error 


Accuracy studies show constant systematic error or pro- 
portional systematic error (both are biases). Accuracy studies 
should be performed with a patient sample repeated at least 
10 times within a short period of time. How the constant and 
proportional systematic error relates to the mean is shown in 
Figure 5—7. 


FIGURE 5-7 Accuracy: constant and proportional systemati re 
relation to the mean. error 
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How to Measure Precision 

Precision is measured by the standard deviation (SD) or 
coefficient of variation (CV) of a set of replicate measure- 
ments (i.e, where did the five shots land in relation to the 
tanget?). Precision studies will show random error. 


Standard Deviation Equation The standard deviation is 
determined by first calculating the mean, then taking the dif- 
ference of each result from the mean, squaring that difference, 
dividing by » — 1, then taking the square root. All these oper- 
ations are outlined in the following equation: 

Standard deviation (SD or S): 


- Xe, —xy 
(nl) 


where s represents the standard deviation, { means summa- 
tion of ail the (x, - ¥)* values, x, is an individual result, ¥ is 
the mean of the results, and nr is the total number of results 
included in the group,'* For example, to calculate the SD, 
first observe a set of results and then calculate the mean 
of those results. For the hemoglobin study, the number of 
observations was 10, and the mean was 8.7, The calculated 
SD is 0.45. 

The standard deviation is related to the spread or distri- 
bution of results about the mean. While the mean is an indi- 
cator of accuracy or systematic error, the standard deviation 
is a measure of the width of the distribution and is related to 
imprecision or random error. The bigger the standard devia- 
tion, the wider the distribution, the greater the random error, 
and the poorer the precision of the method; the smaller the 
standard deviation, the narrower and sharper the distribution, 
the smaller the random error, and the better the precision of 
the method." 

When using a measurement procedure, it is generally 
expected that a group of values will range from the smallest 
to the largest with most of the values clustered in the middle 
range. This is called a normal range or Gaussian distribu- 
tion. The symmetry of the curve represents the central ten- 
dency where the central value in the normal distribution is 
the average or mean value. The percentage of results that are 
expected within certain limits (1, 2, and 3 SD) can be pre- 
dicted. Approximately 68% of the values will fall within 
1 SD, 96% of the values will fall within 2 SD, and 99% will 
fall within 3 SD (Fig. 5-8). When the values do not peak at the 
center, they are considered skewed. 


Coefficient of Variation The coefficient of variation (CV) 
describes the standard deviation as a percentage of the mean, 
as shown in the following equation: 


CV =(s/xX) 100 


where s is the standard deviation, ¥ is the mean, and the 
multiplier of 100 is used to convert the s/x— ratio to a 
percentage. 

For example, in the hemoglobin study the standard deviation 
(0.45) is divided by the mean (8.7) and multiplied by 100. The 
CV for the hemoglobin study is 5.2%. 


-3SD -2SD -1SD xX +1SD +2SD 43SD 


FIGURE 5-8 Example of Gaussian distribution curve for data of normal 
populations. 


The coefficient of variation (CV) shows random error 
across a wide range of concentrations. 

Since the % CV lacks units, the standard deviation among 
different assays, instrumentation, or laboratories can be 
compared by using the % CV. A set of measurements with a 
smaller % CV indicates the values are closer to the mean and 
has better reproducibility or precision of the test results. 


Method Validation 
How does a laboratory select a new method?! There are three 
general categories to consider: 


e Application characteristics should include volume of 
specimen, type of specimen, workload appropriate for 
the testing situation (high-volume centralized lab vs. 
low-volume point-of-care), operator skills, cost per test, 
time for analysis, and operator training requirements. 

e Methodology characteristics should include type of 
standards or calibrators, reagents and reaction conditions, 
traceability of standard or calibrator assigned values, 
method principle, measurement principle, and measure- 
ment capabilities. 

e Performance characteristics should include working 
range, imprecision, interference, bias vs. the reference 
method, and total errors less than 10%. 


When you are ready to begin the method validation pro- 
cess, a plan of action is very helpful (Box 5-1), 


Studies to Introduce New Methods and Instruments 
When a new instrument or method is introduced to the labo- 
ratory, a series of tests and calculations must be performed to 
validate each parameter.'? The responsibility has been shifted 
to the laboratory to run the studies necessary to show that the 
method is accurate and precise. Even if the manufacturer has 
already performed some studies and has the printed data t0 
support their claims, the laboratory must validate the studies 
required by CLIA? 


e Accuracy (bias) 

e Precision (SD or CV) 

e Reportable range of test results for the test system 
(linearity) 

¢ Manufacturer’s reference intervals (normal values): Ave 
they appropriate for the laboratory's patient population” 


— 


+ Method Validation Plan 
on period 


rking range. 
libration. 
tection limit. 
‘MV experiments 
m within-run replication study. 
terference study. 
recovery study. 
analytical acceptability, 
total replication study. 
comparison of methods study. 
alytical acceptability. 
e interval(s). 


dies that are usually performed: Comparison of 
Recovery experiments 


riptions of the different method validations a lab- 
need to run are provided in Box 5-2. 


Experiment 
nce experiment provides information about the 
Matic error (accuracy, bias) caused by interfer- 
Examples of interfering substances in hema- 
lation are lipemia and hemolysis. For best 
in fresh lipemic patient samples; alternately, a 
ipid emulsion can be purchased. Several concen- 
mia are created in a linear fashion by adding 
ints of the lipid to a normal whole blood spec- 
three different specimens should be used for 
ment to decrease the random error. The test samples 
‘in duplicate by the test method to determine the 
hich the results are valid (within a predetermined 
'of the original normal result). Hemolysis can be 
ezing and thawing aliquots of patient CBCs. 
8 are prepared as in the lipemia experiment. The 
su t of each duplicate pair is calculated, and then 
ice between the total average normal values and 
altered values is determined, This difference 


Method Validation Experiments 


€xperiment: within-run and between-run for 


ce experiment: make dilutions with the interfering 
for constant systematic error 

ADE make dilutions of patient samples for 
N systematic error 

Of Methods experiment: run patient samples on 
INods for average systematic error 
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is compared with the CLIA standards for total allowable error 
(TE). If the experiments revealed an interference difference 
greater than the CLIA standards, then the method or instru- 
ment would not be acceptable. 


Replication Experiment 

A replication experiment provides information about ran- 
dom error (precision, SD, or CV) and is performed by making 
replicate measurements on a series of patient samples and/ 
or QC material within a specified period of time, usually 
within an analytical run, within a day, or over a period of a 
month. The preliminary experiment usually involves deter- 
mining within-run imprecision by running a sample 10 or 
more times within one run. The final experiment generally 
requires at least 20 working days to provide a good estimate 
of the total imprecision, which includes within and between 
run components. 


Reportable Range (Linearity) Experiment 

Areportable range (linearity) experiment is useful to assess 
the lowest and highest values that can be reliably reported. 
It is good laboratory practice to only report values that can 
be proven accurate and not rely on manufacturer’s claims. 
Linearity kits can be purchased for most hematology analytes 
that contain five or more levels for testing. Each level is tested 
at least three times. The statistical charts and graphs needed 
to make decisions are usually provided by the manufacturer 
of the linearity kit. The laboratory establishes expected limits 
for each parameter at each level. A best-fit linear line is drawn 
through all the points on a plot of the means of the measured 
values (y-axis) vs. known values (x-axis). The low and high 
ends of the reportable range are the values just before the 
laboratory-established limits are exceeded. 


Reference Range (Normal Range) Experiment 

A reference range (normal range) experiment is essential 
to establish a new reference range or to verify the manufac- 
turer’s normal range claims. An experiment to establish a new 
range could include more than 120 specimens per age and 
sex, if the ranges changed significantly across these catego- 
ries. If the new method has well-documented studies available 
either from the manufacturer, in literature, or in-house, then 
a smaller study of 20 samples may be useful to validate the 
range: if two samples or fewer fall outside the stated ranges, 
then the ranges are statistically verified. If there is any ques- 
tion as to the validity of the original study to be transferred 
or if the new method is significantly different from the old 
method, then a larger validation study of at least 60 samples 
should be performed."* 


Comparison of Methods Experiment 

A comparison of methods experiment is primarily used to 
estimate the average systematic error observed between two 
similar methods but can also reveal the constant or propor- 
tional nature of that error. The results of patient specimens are 
compared to determine the analytical errors between the meth- 
ods, A minimum of 40 well-chosen patient samples should 
be tested over a minimum of 5 working days. These sam- 
ples should be distributed one-third in the low to low-normal 
range, one-third in the normal range, and one-third in the 
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hagh abnormal range. The correlation coefficient (r) ts a use- 
ful statistical tool for comparing two sets of data. A perfect 
linear relationship between the data would result in a cor- 
relation coefficient of 1.0. Figure 5-9 is an example of a 
Each lab must establish its own correlation acceptable limits 
for cach assay. Regression statistics are another mathemat- 
ical comparison of two sets of data; systematic differences 
can be detected more readily with this method. Once the 
Gata have been collected, method acceptability should be 
total analytical errors. If these errors are small compared 
interpretation of a test result, the method is acceptable. If 
the errors are too large, it may be necessary to reject the 
method or to identify and eliminate the causes of the errors. 
The laboratory director should be consulted when the data 
are difficuk to imterpret. 

Recovery Experiment 

A recovery experiment can be used when there is no com- 
parison method. The purpose is to uncover proportional sys- 
tematic error. Commercial solutions of high concentrations 
of the analyte to be measured are obtained and added in 2 
iimear fashion to patient samples, and the samples are run 
two or more times to reduce the random error. The results 
are averaged and compared, and a percent difference is cal- 
culated. The total error defined by CLIA is compared with 
the percent difference: if the difference is greater than the 
total error allowed, the method or test is not acceptable. 
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FIGURE S-9 Comelation study of hematct- 
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analysis and should be recognized and addressed. How 
do interference and replication experiments introduce 
enough error to provide quality assurance for random 


errors? 


Delta Checks 

Delta checks are used for internal quality assurance and to 
ries have a system to identify and assess patient test results 
that appear inconsistent."* The delta check concept was devel- 
oped in 1967. However, it wasn’t widely implemented until 
the early 1970s with the development of laboratory informa- 
tion systems (LIS).'™“* Delta checks detect significant changes 
in sequential patient test results. These changes can indicate a 
critical change in a patient's condition, such as an unexpected 
drop in hemoglobin, or a possible misidentification, which 
is a major patient safety event. Errors may also be related to 
improper specimen collection such as hemolysis or specimens 
that are lipemic or clotted. 

Recall that delta checks compare the difference between 
measurements of an analyte (or combinations of analytes) 
on two separate samples from the same patient to predefined 
thresholds that represent the limits of acceptable change. Delta 
checks are used to assess specimen integrity and deteci errors 
before the release of results into the patient record.’ They 
can also indicate a significant change in a patient's status and 


information for the clinician. The menu of 
ally tests which have low physiological varia- 
ated frequently during short periods of time, 


it, platelet count, white blood cell 
orpuscular volume, red blood cell distribution 
urea nitrogen, and creatinine. The preferences 
ck guidelines should be tailored for the indi- 
, The median time interval set for calculat- 
ranges depends on the patient population, the 
LIS, and the oversight of the medical director, 
check alert occurs, a thorough investigation 
ed. Use of a standardize procedure or a flow- 
eneficial and recommended for consistency 
the investigation. A College of American 
P) Q-Probe Study involving 49 health-care 
341 delta check alerts found that almost all 
involved specimen collection issues such 
ntamination with intravenous fluids, or 
frequency of analytic errors detected by delta 
fas 1.1 per 1,000 testing episodes.”° In the 
pected mislabeled specimen, repeat testing of 
specimen and previous specimen should be 
possible. 
nmon problem associated with delta checks 
the patient’s condition. When this occurs, the 
olves a review of the patient’s medical record. 
the delta check is not considered an error.2! 
} s type of alert would be a presurgical patient 
noglobin value of 7.1 g/dL at the time of admission 
feery and a hemoglobin of 9.3 g/dL the follow- 
alert would flag the patient’s result because 
hemoglobin within 24 hours. The next step 
ew the patient’s medical record, revealing the 
ved 2 units of packed red blood cells during 
ent appended to the result stating the patient 
blood cell transfusion would explain the 
globin. 
laboratories, to reduce test turnaround 
d improve efficiency, many clinical laborato- 
delta checks as a critical component of the 
} pre tice. By haying well-developed criteria 
¢€ such as defined critical values and the ability 
¢, lipemic, or hemolysis in blood specimens, 
ind error detection technology have improved 
Tesults to pass. 
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» Tquiire one control every 8 hours, nonmanual 
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coagulation requires two levels of control every 8 hours, 
but manual coagulation tests require two levels of control 
each time specimens are analyzed. 

¢ Test controls after a complete change of reagents, pre- 
ventive maintenance, or replacement of a critical part or 
component. 

¢ Rotate controls among all operators performing the test. 

¢ Test control materials the same as patient materials. 

e Establish or verify criteria for acceptability for all control 
materials. 

e Determine the statistical parameters (mean and SD) over 
time through concurrent testing for all unassayed control 
materials. 

e Make sure controls meet criteria before reporting patient 
test results. 

¢ Document all control procedures performed (Box 5-3). 

e All new QC lots must be run in parallel with current control 
material to establish or verify the acceptable range before 
using the new control lot to monitor patient results. The 
number of data points needed is dependent on several 
factors such as the stability of the test system, the stability 
of the control material, and laboratory policy. For automated 
hematology analyzers, a parallel experiment of a few runs 
per day for several days on all shifts should be sufficient 
because most systems and the commercially prepared 
control material are very stable. For new lots of coagulation 
controls, a few runs per day for a week or more may be 
necessary depending on whether the controls are assayed 
(fewer runs to validate mean) or unassayed (more runs to 
establish mean). 


Almost all current regulations require a laboratorian to 
establish an in-house mean and SD for any QC material to 
be used before the material is placed in service to monitor 
a method. Why is this necessary? Even if the manufacturer 
supplies ranges and SDs, the data are usually combined from 
many instruments and possibly multiple methods to arrive 
at the acceptable mean and SD listed in their package insert, 
which usually makes the ranges wider than is useful for daily 
method monitoring. In addition, the manufacturer’s data can- 
not predict how the control material will behave on a particular 
lab’s instrument as handled and run by the staff. Coagulation 
laboratories have been establishing control means and ranges 
for years with unassayed materials and for special tests that 
require frequent calibration. 


BOX 5-3 CLIA Minimum QC Requirements 


* Run two controls each day of testing for quantitative tests. 
Run controls after changing all reagents, preventive mainte- 
nance, or replacement of a critical part or component. 

« Rotate QC among the staff. 

* Test QC the same as patients. 

+ Establish or verify the QC ranges. 

+ Establish a mean and SD for new unassayed QC before going live, 
+ Do not report patients unless QC is within limits, 

* Document all QC procedures performed. 
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Hematology is somewhat trickier: the commercial QC lot 
number changes every 6 weeks or so. Calculating new SDs 
every 6 weeks is not very useful or productive. To establish 
in-house ranges, a lab scientist could average the SDs for each 
CBC and differential parameter from all control levels from 
the instrument peer group reports for the past 6 months. The 
average SDs are used as the basis for calculating in-house 
ranges. The controls are run and means established for each 
parameter. The instrument software should allow the user to 
choose these new means as the target means. New ranges are 
then calculated while ensuring that the new ranges are not 
wider than the manufacturer’s package insert ranges. The SDs 
can be entered into the instrument for future use with each 
new lot of controls. To test the new ranges, run the controls a 
few times every day for a week. If the control values fall out- 
side the new ranges, then the new ranges may be too “tight” 
and need to be widened a bit. Multiply the SD by 2, then 3, 
then 4, and so on until the controls are within the new range. 
Document the process adequately for inspection purposes. 
Note: some differential parameters, such as basophils and 
eosinophils, normally have a high SD due to relatively low 
actual values. 


Levy-Jennings Graphs 
Levy and Jennings introduced the idea of control graphs in 
1950. The Levy—Jennings (L—J) graph used today consists 
of individual data points plotted on a graph of the mean and 
the control limits of individual control levels. The L—J graph 
historically has consisted of 1, 2, or 3 SD ranges. The roots of 
the 2 SD phenomenon can be traced back to Carl Frederick 
Gauss (1777-1855), who introduced the concept of the nor- 
mal curve. Because 95% of the points in a normal data set for 
a particular parameter are expected to be within 2 SD of the 
mean, it seemed appropriate to use + 2 SD limits for labora- 
tory QC. Therefore, when Levy and Jennings started using a 
chart for QC, the 2 SD range was applied and has remained 
ever since. However, laboratories must establish their own 
mean and limits for each assay based on tests run in-house and 
calculations for quality (accuracy and precision). Figure 5-10 
is an example of an L—J graph for WBC QC normal level. 
The L-J graph is a visual view of how the QC is perform- 
ing, and therefore, how the method is performing. According 
to the Gaussian distribution, data points should occur equally 
around the mean, which is true for most analytes. A shift in 
the values represents a sudden and consistent bias from the 
mean (i.e., a group of data points are clustered on one side of 
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the mean). A shift is representative of systematic error. {, is 
commonly accepted that six points on one side of the Mean 
constitutes a shift; however, every lab should determine hoy, 
many data points constitute a shift. Causes of a shift inclyge 
improperly prepared reagents or controls, reagent deteriorg. 
tion, change in lot numbers, and failure of an instrument com. 
ponent (Fig. S11). 

A trend is a gradual change in the same direction, eithe; 
increasing or decreasing (Fig. 5-12). A trend is also system. 
atic error. Again, each lab must determine how many data 
points constitute a trend. Trends can be caused by the same 
items as a shift, but because the data are slowly changing, the 
root cause may be more difficult to identify. Look for items 
that can change over time, such as reagent or lamp deteriora- 
tion, temperature fluctuation, calibration shift, and so forth. 
Use a systematic logical troubleshooting approach in isolating 
the cause, making only one change at a time, and document- 
ing each action taken. 

Another type of change commonly seen on an L~J graph 
is an increase in imprecision. The data points become further 
away from the mean, and the SD becomes larger. If there is 
contamination of the diluent water used in coagulation recon- 
stitution, the QC material may display such a dispersion of 
results. Other causes of imprecision include poor mixing of 
the control material, pipetting errors, and so forth. 


Westgard MultiRule Quality Control 

When QC data points have been run and entered onto an L-J 
QC chart, the results must be reviewed. Westgard Rules is a 
series of decision criteria (control rules) to decide whether an 
analytical run is in-range or out-of-range. There are rules for 
two levels or three levels of control material. To improve sen- 
Sitivity, it is suggested that at least two rules be used together 
for every control material level. Here is a list of the most used 
Westgard Rules:!! 


e 1, This rule refers to one data point exceeding the 
+ 2 SD limit. 

e 1,,, This rule refers to one data point exceeding the 
+ 2.5 SD limit. 

e 1,,This rule refers to one data point exceeding the 
+ 3 SD limit. 

e 2,, This rule refers to two consecutive data points 
exceeding the +2 SD limit. 

e R,, This rule refers to one data point exceeding the +2 SD 
limit, and another close data point exceeds the —2 SD limi! 
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FIGURE 5-10 A typical Levy-Jennings graph. Each 
data point is plotted so an overall view of the data 
is possible. 


Day of the month 
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Day of the month 
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Day of the month 


ections). An example of this rule is illustrated 
ule refers to two out of three control points 
ner the +2 SD or the —2 SD limit on the 

e direction, either progressively lower or 
ers to four consecutive control measure- 


refers to 10 consecutive control measure- 
yon one side of the mean. 


s were out of range? If more than one 
fected, then the troubleshooting should be 
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—2SD 
FIGURE 5-11 Example of a shift in QC values ona 
Levy—Jennings graph. Notice that between day 8 and 
day 20 the data has abruptly shifted above the mean. 

+2SD 

Mean 


FIGURE 5-12 Example of a trend in QC values ona 
Levy—Jennings graph. Notice that between day 8 and 
day 20 there is a slow trend above the mean. 


logically aimed at processes that the parameters have in com- 
mon. For example, the WBC counting chamber also deter- 
mines the Hgb parameter. Another route to investigate is any 
recent changes to the system, reagents, calibration, and main- 
tenance, as they cause many systematic errors. 


Random Errors 

The first and easiest way to troubleshoot random errors is to 
inspect the system while it is operating. Watch every process 
that can be visually accessed. Look for loose seals, bubbles, 
leaks, faulty delivery volumes, clogs, and any mechanical 
parts and reagents. If there is nothing visually wrong, consult 
the operator’s manual and troubleshooting guide for assis- 
tance. Ask key operators to review the error log for clues. 
Call Technical Service for suggestions or have an engineer 
inspect the instrument. Run a precision check of at least 
10 replicates of a fresh patient sample to rule out imprecision. 
If no problems can be detected, add another random error 


FIGURE 5-13 A Levy-Jennings graph : 
violation of the Westgard Rule Rae 
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Westgard Rule to help detect a future error and monitor the 
System (tell all staff about the problem also). Always docu- 
ment all investigations and findings in a problem log for the 
method or instrument. 


Peer Group Quality Control 

Most of the larger companies that manufacture instruments 
and/or QC products have a peer group QC program. The daily 
or monthly data are sent to the company to compare with other 
labs running the same instrument or QC material for the same 
assays. This serves two purposes: to satisfy the CLIA require- 
ments for outside assessments and to provide feedback about 
a laboratory’s methods versus peers. Review the grouping 
criteria to be sure that the instrument is in the correct group 
according to reagent lot number or control lot number. Know- 
ing how a method compares with peers gives laboratorians 
one more tool in their quality toolbox. 


Statistics 
The manufacturer will probably provide peer statistics in their 
report containing one or more of the following: 


SDI (Standard Deviation Index): SDI compares your 
mean to the group mean. This calculation describes the 
systematic error or bias of a method as a multiplier of 
the SD for the group: 


SDI = (Lab mean — Group mean)/Group SD 


An SDI of 0.0 indicates that the lab mean is the same as the 
group mean. A SDI of 2.0 or higher requires investigation: the 
method is in danger of systematic inaccuracy. An advantage 
to using SDI is that a person can scan a peer group report and 
view the SDI of all the assays fairly quickly. 


CVI (CV Index): The CV of the lab and the CV of the 
group compared: 


CVI = Lab CV/Group CV 


A CVI of 0.0 indicates the laboratory’s CV is the same as 
the group CV. Any CVI greater than 0.0 suggests that the lab- 
oratory’s imprecision is less than that observed for the group. 
ACVI greater than 1.0 suggests the lab’s imprecision is higher 
than that of the group. 


Z-score: Measures how many standard deviations the 
mean of an analyte is from the mean of the peer group. 
A Z-score has no units; however, the score can be 


positive or negative. 


Z-Score = analyte mean score — the Peer mean/Peer SD 


Review of Peer Group Data 
While reviewing peer data, the laboratory’s assay mean 


should be compared with the peer’s mean. If the lab’s mean 
is consistently above or below the peer mean each month 
but the lab’s SDI and CVI are acceptable, it may be time to 
consider an adjustment in the ranges. QC ranges need alittle 
adjustment now and then as part of the normal instrument 
and QC material process. A good rule of thumb Is to adjust 
QC ranges only every 90 days and less if possible. If the 
ranges were adjusted every month to match the peer mean, 


a, 


the QC process would be negated in fayo, Of Io 
on paper. 

As with any quality review, written docum 
noted on the peer group report that it was rey 
problems were seen with the data. If an asa 
tigation, the details should be written as jf g 
reading them. Always date any reviews and | 
or preventive measures. 

When implementing automation in the hematology ), 
tory, CLSI has published an approved standard 7), ey labor, 
Verification, and Quality Assurance of Automated Hog in 
Analyzers.» This standard provides guidelines for a ig 
calibration and assessment of performance criteria, 
accuracy, precision, linearity, sensitivity, and Specificit 
standard is an excellent resource for assisting with Critical o, 
uation and implementation of hematology analyzer; 

By creating a quality culture within the laboratory, cor. 
tency of laboratory staff, performance of quality test, 
release of accurate results can be built into the workfloy, r. 
lowing established quality assurance policies and procedar 
becomes less of a hardship. Competency programs yer, » 
testing personnel are performing assays and reporti 
properly, and quality assurance policies ensure inst; 
are releasing accurate and precise results, both of whic 
in better patient management and care. 
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Hematology Laboratory Application: 
Quality Plan Example 

Laboratory Alpha decides to combine selections from se\ea 
Quality Management approaches to form their own wice 
Quality Plan. From the Lean approach, the stafi st 
CBC, a PT, and a urinalysis sample from collection ru! 
result reporting to the physician. Samples are selec“ i 
different areas, such as outpatients, inpatients, an’ 5 
fo cover as many scenarios as possible. The sta’ 
the motions of the sample and the employees t 
extra waiting, extra steps, and unnecessary mover 
defects or extra processing steps are noted. The 
uses Lean techniques to remove the unnecessary s! > ™ 
monitors the process for improvement. The labor" 
define how often the study will be performed, he 
will be collected and presented, and ongoing rev'¢ 
Tective actions. Many quality entities are covert: 
plan, making it comprehensive. However, this ’° 
4 portion of a total Quality Management Plan. Th: 
leadership then decides to use Six Sigma tools for 
Processes. Once a goal is set, the team can institu 
4 Six-Sigma tool to reduce the variation in the 8° 
cess, and improve the process. 


Method Validation Studies 

Once 4 new method or new instrument has bee" * 
1S installed, method validation studies mus °° 
focus is to introduce about the same amou' © ‘ 
would be present daily in the normal! runnine ol 
instrument. If the test will be performed 00 a 
dation Samples should be performed on three S”"” 
scientist who will be performing the test should ee 


_— 


amples. For normal patient studies, the goal 
ie same types of patients tested every day. 
to organize the samples needed for each 
ired for each study, and the personnel who 
the studies. 
Laboratory Alpha has just installed a new 
atology instrument. After the basic functions of 
verified by the manufacturer, the validation 
d, A replication experiment is planned in 
and comprehensive. The preliminary 
1 day with one run of 20 replicates of the 
ithin-run random error). The comprehensive 
inalyzing quality control material of different 
fts by several lab scientists for at least 20 days 
random error). The mean, SD, and CV are cal- 
ameters for both phases and are acceptable. 
experiment is performed with a commer- 
jocyte linearity kit that covers as much of 
ge as possible (proportional systematic error 


ed with quality built in at each step support- 
of patient safety. 
es all diagnostic laboratory testing per- 

ans in the United States through the 

a Improvement Amendments (CLIA). 
eemed various accreditation organizations 
9 inspect and accredit clinical laboratories. 
aches include benchmarking, RCA, Lean, 
[EA, and DMAIC. 


system Essentials, created by CLSI, create 

mn of an effective, well-organized Quality 
System. Each QSE has a specific role in 
e QMS: leadership/organization, cus- 


gement, documents and records, informa- 

ement, nonconforming event management, 
and continual improvement. 

le is created by the implementation of 

The processes sequence begins with 

and goes full circle through all the QSEs, 

Leadership. This system demonstrates the 
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and linearity), The manufacturer of the kit receives the data 
and calculates the statistics; the laboratory personnel review 
the data and decide on a reportable range. Because the new 
automated analyzer is similar to the current one, a small nor- 
mal range study is performed with 20 carefully screened adult 
patient samples from both sexes, and the previous range is veri- 
fied. For pediatric normal values, a decision is made to transfer 
the ranges by calculation from the pediatric sample portion of 
the comparison of methods study. The comparison of methods 
experiment is performed with 40 adult and 40 pediatric patient 
samples using normal and abnormal patients across the entire 
analytical range. The results of all the studies are acceptable. 


Quality Control 

Once the instrument performance has been investigated and 
deemed acceptable, the monitoring of the quality required needs 
to be planned and executed. For a hematology analyzer with 
multiple parameters, a critical parameter might be chosen, or a 
parameter with the highest SD; the laboratory must decide this. 


e Quality begins with the correct laboratory test order, 
specimen collection through the analysis, and reporting 
of the result. This is referred to as Preanalytical, An- 
alytical, and Postanalytical Path of Workflow. Patient 
outcomes are considered part of postanalytical path. 


e CLIA provides a broad outline of quality assurance 
activities which follow the patient specimen though the 
laboratory. 


e Accuracy is measure in bias which is the difference 
between the mean of a set of values and the true value. 
Precision is measured by the standard deviation or 
coefficient of variation of a set of values. 


e CLIA requires laboratories to perform method valida- 
tion studies for all nonwaived methods. These studies 
include interference, replication, linearity, reference 
range, and comparison of methods. 


e Delta checks are used for internal quality assurance 
and to demonstrate compliance with the CLIA require- 
ment that laboratories have a system to identify and 
assess inconsistent patient test results. 


e Levy—Jennings Graphs are used to graph QC data 
points to establish control limits. Westgard Rules con- 
sist of a series of decision criteria to determine whether 
an analytic run is in-range or out-of-range. 
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CASE STUDY 5-1 
A medical laboratory scientist just ran three levels of con- 
trols on a hematology analyzer. The low level for WBC has 
been within 1 SD of the mean for the past 3 weeks; how- 
ever, today the value is greater than 4 SD of the mean. The 
lab uses the following Westgard Rules: R,., 20f3,,, 7,, 10,. 


20? 7? 
QUESTIONS 
1. What should be done next? 
2. Is this a random or systematic error? 
3. Do all the patients need to be rerun since the last low 
level was within limits? 


ANSWERS 

1. Most control material for hematology analyzers is 
packaged as a set of three levels: low, normal, and high. 
The Westgard Rule of R, has been violated; action is 
required. Errors from improper mixing of the control 
material should be ruled out first; the control is then 
rerun once. If the WBC low level is still outside 4 SD, 
a new control vial is opened, mixed, and rerun. A back- 
ground check is also appropriate for troubleshooting 
problems with low levels of controls. If the background 


CASE STUDY 5-2 


A medical laboratory scientist is running 10 runs of a new 
lot of hematology contro! material with three levels: low, 
normal, and high. She notices that the low control has a 
much higher CV for the platelet count and the WBC than 
the previous lot number. 


QUESTIONS 

1. Is this a systematic or random error? 

2. What are the next steps? 

3. Is the problem more likely to be instrument/reagent- 
related or quality control material-related (manufactur- 
ing, handling)? 


ANSWERS 

1. This is a systematic error, affecting more than one 
parameter. 

2. Handling of the contro! material should be ruled out 
first. All the QC records on this analyzer for the past 


check is acceptable and the control is still outside 4 Sp, 


observe the instrument during all phases of testing: are 
there any leaks, partial aspiration errors, interference 
flags, bubbles in any of the lines, buildup on the sam- 
pling valve? Zapping or bleaching the apertures may 
resolve the problem. Run a 10-sample precision check 
of a fresh patient or control. Review all the quality con- 
trol on the instrument for the past few weeks for shifts 
and trends. Call Technical Service or check the opera- 
tor’s manual for more suggestions. If no source of the 
problem is found, add another Westgard Rule to detect 
future errors. At some point in the future, the additional 
rule may seem unnecessary and can be removed. 


. This is a random error. Only one parameter is affect- 


ed. No shifts or trends were found when the QC was 
reviewed. 


. If the normal and high levels controls are within 1 SD, 


there may be an issue with the low range of reportable 
results. After the instrument is given a clean bill of 
health by an engineer, calibration and linearity studies 
may be appropriate to verify the reportable range. 


few weeks should be reviewed for shifts and trends. Is 
there another identical or very similar instrument that 
uses the same controls? Compare how the controls 
are running on both instruments. Since the WBC and 
platelets are counted in the same chamber, look for 
instrument problems that affect this pathway. Check the 
background counts, check reagents and tubing, clean 
the sampling valve, bleach the apertures, etc. Observe 
the instrument as it processes a sample for any clues: 
bubbles, leaks, etc. The lower levels of controls may 
pick up a blockage or small leak first. 


. This is more likely to be an instrument problem. 


A high CV is hardly seen with mishandled contro! 


material; the cells are stabilized and are resistant to 
most mishandling. 


W QUESTIONS 


he following organizations have been 
MS to inspect and accredit the clinical 


ican Society for Clinical Pathologists 

f American Pathologists 

aboratory Standards Institute 

Society of Clinical Laboratory Science 


ality approach identifies nonvalue-added 
treamline and standardize processes? 


e Analysis 


fenchm 


he following examples would fulfil the min- 
sulatory requirement to establish competency 
ing personnel? 

observation of patient testing, review of 

ts, observation of equipment maintenance, 
problem-solving skills 

ation of patient testing, monitoring 

g of test results, review of QC records, 
‘on of equipment maintenance 

ation of patient testing, monitoring 

e of test results, review of worksheets, 
oblem-solving skills 

ation of patient testing, monitoring 
rting of test results, review of PT results, 

ion of equipment maintenance, ensuring 
olving skills, assessment with blind test- 
erformance 


a proactive strategy to reduce risk and 
nformances? 

qual Improvement Management 
essment Management 

aconforming Event Management 

cess Management 


of an internal assessment is: 
nacceptable blood samples 

01 g routine proficiency testing 
ticipating in an accreditation inspection 
orming an accreditation inspection 


nent provides information about random 


experiment 
plication experiment 
arity experiment 

ce range experiment 
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7. For most analytes, the CLIA definition of a run for 
QC purposes is: 
a. 4 hours 
b. 8 hours 
c. 24 hours 
d. 48 hours 


8. Which of the following is most commonly used for a 
delta check? 
a. Hemoglobin and hematocrit 
b. Plasma hemoglobin 
c. Reticulocyte count 
d. Prothrombin time 


9. The Westgard MultiRule of R,, indicates: 

a. One data point exceeding the +/— 2 SD and one 
data point exceeding the -2 SD 

b. Two data points exceeding the +/— 3 SD and one 
data point exceeding the -2 SD 

c. Four data points exceeding the +/— | SD 

d. One data point exceeding the + 2 SD and another 
data point exceeding the —2 SD 


10. A slow rise in QC values on a L-J chart, steadily 
increasing by a set of six data points is a: 
a. Shift 
b. Trend 
c. Run 
d. Swing 


11. The Lean improvement tool identifies seven types of: 
a. Waste 
b. Variables 
c. Controls 
d. Procedures 


12. Which term indicates how close a result is to the true 
value? 
a. Precision 
b. Error 
c. Accuracy 
d. Shift 


13. Laboratory staff take 10 extra steps to reach the 
workstation required for the second half of an ana- 
lytic procedure. This is an example of which type of 
waste, according to the Lean tool? 

a. Defects 
b. Inventory 
c. Waiting 
d. Motion 


Continued 
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REVIEW QUESTIONS—cont'd 


14. 


The path of workflow considers variables for which 
stage of analysis? 

a. Procedural stage 

b. Preexamination stage 

c. Flow stage 

d. Inventory stage 


Quality control differs from quality assurance in that: 


18. Which of the following is the central value in the 
Gaussian distribution? 
a. The standard deviation 
b. The mean 
c. The coefficient of variation 
d. The number of data points minus 1 


—_ 
© 


Which of the following is a commercially prepared 


a. QC is the planned and systematic activities imple- 


mented to fulfil quality. 


b. QC is the assurance that test results are of a high 


quality. 


c. QC is the measurement used to interpret labora- 


tory performance. 


control substance with an expected mean and stan- 
dard deviation? 
a. An assayed control material 


b. A peer control material 


d. A delta check 


d. QC is a direct result of quality assessment. 


16. The most common source of laboratory errors is 


found in which stage? 

a. Preexamination stage 
b. Examination stage 

c. Postexamination stage 
d. Quality control stage 


17. The spread of results about the mean is measured by 


which statistic? 

a. Standard deviation 

b. Median 

c. Coefficient of variation 
d. Mean 
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LEARNING OBJECTIVES 


tthe end of this chapter, the learner should be able to: 
I 


' 61. List the causes of anemia and its common clinical 
signs. 
62 Explain compensatory mechanisms in anemia. 

“63 State the laboratory criteria for the diagnosis of 

anemia. 

F Differentiate between etiological and morphological 

classifications of anemia. 

Explain how the hematocrit level is calculated on auto- 


mated hematology instruments. 


nemia is a condition in which there is a decrease in the oxy- 
) ing capacity of blood. This results in a deficiency 
and an inability of the circulating blood to supply the tissue with 
adequate oxygen for proper metabolic function.' Anemia is usu- 
__ ally associated with decreased levels of red blood cells (RBCs), 
hemoglobin (Hgb), and packed RBC (PRBC), more commonly 
known as hematocrit (Hct).' Clinically, the diagnosis of ane- 
mia is made by patient history, physical examination, signs and 
‘Symptoms, and hematologic laboratory findings. It is the most 
common hematologic disorder nationally and internationally, 
__ There are varied types and causes of anemias. Anemia is often 
‘the symptom of a more serious underlying disease. Determining 
the specific cause of an anemia in an individual is important in 
determining the appropriate therapy and assessing the prognosis 
of the disease in that patient. From a practical laboratory stand- 
‘Point, the typical diagnostic criterion for anemia is a decreased 
hemoglobin ( Hgb), hematocrit, or RBC count.? 


New RBC Parameters in Testing for 


6-6 Analyze the significance of red blood cell indices as 
related to the diagnosis of anemia. 


6-7 Describe the appearance of the peripheral blood 
smear in various anemias. 


6-8 Explain the diagnostic value of the reticulocyte count. 
6-9 


List factors to be evaluated in the interpretation of a 
bone marrow aspirate smear. 


6-10 Explain the significance of the new RBC parameters in 
testing for anemia. 


6-11 Describe the general approach to treatment of anemia. 


Because most patients with anemia have lowered hemo- 
globin levels, anemia is defined as a Hgb <12 g/dL in females 
and <14 g/dL in males. Anemia may be further classified 
arbitrarily as either moderate (7 to 10 g Hgb/dL) or severe 
(<7 g Hgb/dL).* Moderate anemias typically do not produce 
clinically evident signs or symptoms, especially if the onset 
is slow. However, depending on the patient’s age or cardio- 
vascular condition, even a moderate degree of anemia may 
be associated with exertional dyspnea (difficulty breathing), 
light-headedness, vertigo, muscle weakness, headache, or 
general lethargy. Anemia of rapid onset, such as that result- 
ing from gastrointestinal hemorrhage, may be associated with 
significant clinical symptoms, such as hypotension, tachy- 
cardia, and dyspnea. These symptoms are usually associated 
with the precipitous loss of intravascular volume as well as 
the oxygen-carrying capacity of the RBCs. Another example 
of acute massive blood loss is hemorrhage from extensive 
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h- 
compensatory MCr 
Is the rate of RBC 


creases OF the rate 


trauma or major surgery. With normal ¢ 
anisms, the rate of RBC production equa 
loss. When the rate of RBC production de 
of RBC loss increases, anemia develops. 


Causes, Considerations, 

and Compensatory Mechanisms 

Anemia has many causes; Box 6-1 broadly classifies the 
categories as blood loss, accelerated destruction of RBCs, 
nutritional deficiency, bone marrow replacement, infection, 
toxicity, hematopoietic stem cell arrest or damage, and hered- 
itary or acquired defects of hemoglobin, RBC enzymes, OF 
other metabolic abnormalities. Categories may be simplified 
to include conditions of increased RBC destruction, abnormal 
or decreased RBC production, or some combination thereof. 

Normal levels of red blood cells and their associated 
parameters (e.g., hemoglobin and hematocrit) are dependent 
on a person’s age and sex, as well as other factors. 

The reference range for hemoglobin in newborn infants 
(younger than | week old) is 18 + 4 g/dL. Adult hemoglobin 
reference ranges are approximately 16.0 = 2 g/dL for men 
and 14.0 + 2 g/dL for women (Table 6-1). In the geriatric age 
group, the difference between hemoglobin levels of men and 
women narrows. The hemoglobin levels of geriatric men usu- 
ally decrease slightly, and those of postmenopausal women 
approach those of men. The reference ranges used by each 
laboratory should be followed, because these values depend 
on the institution and the patient population served. 

Various diseases and disorders are associated with lower 
than usual hemoglobin levels; these include nutritional defi- 
ciencies,* external or internal blood loss, accelerated destruc- 
tion of RBCs, ineffective or decreased production of RBCs, 
abnormal hemoglobin synthesis, bone marrow replacement 
by infection or tumor, and bone marrow suppression by tox- 


ins, chemicals, or radiation.’ 


CRITICAL THINKING QUESTION 
6-1 What two factors affect the reference ranges for each 


laboratory? 
See answers to all Critical Thinking Questions at the back 
of this book. 


BOX 6-1 Causes of Anemia by Category 


Blood loss (hemorrhage, surgery, menses) 
Accelerated destruction of RBCs (immune and nonimmune 
hemolytic) 
* Nutritional deficiency (folate, vitamin B,,, iron) 
* Bone marrow replacement (cancer, infection) 
+ Infection (viral, bacterial, microbacterial, mycobacterial, parasitic) 
+ Toxicity (hydrocarbons, medications, radiation) 
+ Hematopoietic stem cell arrest or damage (aging, cytokines) 
+ Hereditary or acquired defect (glucose-6-phosphate dehydro- 
genase [G6PD] deficiency, spherocytosis) 
+ Unknown/idiopathic 
Leen el 


1 Reference Range Values fo; Hem 
; 
by Age Group s 


TABLE 6 


Slopj, 


Age Group 


14.0-22.0 

11.0-140 

116459 
“Adults 


14,0-18.0 


Newborns (<1 week old) 


‘6 moold a 
Children (1-15 years old) 


WHO 15.2 + 0.9 


12.0-16.0 
WHO 13.3 +09 


WHO =World Health Organization : ' 
Note this table data is based on studies from eight countries for 


Reference ranges should be established for each laboratory bas 


served. 


conten | 


In a healthy ambulatory person, approximately 1% 
senescent circulating RBCs are lost daily. No; Ae 
marrow continues to produce RBCs. A laboratory 
this replacement is the reticulocyte count.® Bone py 
duction of new RBCs in response to proper nutrients, yj 
and other factors can be evaluated by the reticulocyte com, 

In healthy adults, reticulocytes, which are pe: 
lating RBCs containing residual RNA, account for 05% 
2.0% of the circulating RBCs. Replacement of RBCs fey 
a bone marrow with adequate functioning stem cells. 
tion, normal RBC maturation, development, and the abiliy 
release mature RBCs from the bone marrow are essential. 
this process. Proper hemoglobin and RBC production regu. 
a variety of nutritional factors, including iron, vitamin 
folic acid, and normal pathways of hemoglobin synthe’ 
Decreased production of hemoglobin and/or RBCs resils 
a hypoproliferative anemia. The role of hemoglobin syuths 
sis in anemias is covered in greater detail in Chapter 7: ln 
Metabolism and Hypochromic Anemias. , 
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In severe anemias (less than 7 g Hgb/dL), symptoms offi 
tional impairment of several organ systems may 
For example, with minimal exercise, a patient's cardiac i 
respiratory rates may increase dramatically.’ If the anes’ 
secondary to blood loss and decreased intra aa 
a patient’s blood pressure may drop significantly when 
from the reclining to a sitting or standing position: Heat 
will increase in an effort to elevate ¢ t 
pace with peripheral tissue oxygen demands 0 
a decreased oxygen-carrying capacity of the low 
globin level, Respiratory symptoms, includi 
exertion, may also occur with anemia.” 


teresting compensatory mechanism in response 
Ani , is an increase in the 2,3-diphosphoglycerate 
pel jevel.! This compound is a remarkable physio- 
9 3-BP gulator of normal hemoglobin oxygen-carrying 
gical © and tissue oxygen delivery. In the presence of 2,3- 
4 moglobin can more readily release the Oxygen it is 
ing t© peripheral tissues. This enhanced release occurs 
i of blood arterial oxygen level, 
a be althy individual responds to anemia with elevated 
i ie erythropoietin (Epo), a hormone with molecular 
3 oe f approximately 31,000 daltons.’ The Epo level is 
4 Bccs used as an ancillary diagnostic aid in the dif- 
<0 nial diagnosis of anemia. It has a plasma half-life of 
een 6 and 9 hours and is produced by the peritubular 
plex of the kidney. Epo levels Vary as a result of altered 
n tension in the tissues of the kidney. Increased Epo 
ction occurs when there is a decreased hemoglobin 
Biel, a hemoglobin structural problem in which oxygen is 
4 released, or low ambient oxygen tension at high alti- 
3 je. On the other hand, high oxygen levels in the kidney 
‘eult in a decrease in Epo production, 
Other factors, including geographic elevation, influence 
‘adividual “normal” hemoglobin levels. Persons living at 
sJevations above 8,000 feet may have persistently increased 
he moglobin values secondary to decreased oxygen satura- 
jon in the ambient atmosphere. Lung diseases may alter 
iysen diffusion across the lung alveolar membranes, A 
E mpensatory sequel to chronic lung disease may result in 
acreased hemoglobin levels resulting in secondary polycy- 
hemia’ (see Chapter 19: Chronic Myeloproliferative Disor- 
jers: Polycythemia Vera, Essential Thrombocythemia, and 
Idiopathic Myelofibrosis). 


Clinical Diagnosis of Anemia 


A patient example may be useful here: A man who had 
been able to climb three flights of stairs without difficulty or 
significant shortness of breath reports that now he must stop 
ier climbing one flight of stairs because he is very short of 
meath. Subsequent information indicates that the patient has 
passed melena (very dark stools) over the past week. Mea- 
» nent of his hemoglobin reveals a level of 8 g/dL. The 
Bitial diagnostic impression from the clinical information 


3 4 the patient’s anemia is secondary to gastrointestinal 
bleeding. 
Phy. 


a Signs of anemia typically are not specific to the 
inder 


ying causative disease. Occasionally, however, the 
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Clinical Symptoms of Anemia 


* Pallor 

Weakness 

Fatigue 

Lethargy/malaise 

Exercise dyspnea 

Palpitation 

Pica (consumption of substance such as ice, starch, or clay; 
frequently found in iron-deficiency anemia) 
Syncope (particularly following exercise) 
Dizziness/vertigo 

Headache 

Tinnitus 

Irritability 

Difficulty sleeping 

Difficulty concentrating 


Gastrointestinal symptoms 
re 


ee fe Pebte me eo re Cece a ie 


. 


etiology may be suspected from certain physical findings. For 
example, severe pallor, smooth tongue, and an esophageal 
web in a patient with severe iron-deficiency anemia™'' could 
point to a loss of blood due to GI bleeding (see Chapter 7: 
Iron Metabolism and Hypochromic Anemias). Light-skinned 
patients who are anemic may appear to have pale coloration 
of mucosal membranes, nailbeds, and skin. Occasionally, 
patients with anemia have slightly elevated temperatures, par- 
ticularly in certain types of hemolytic anemia. In the presence 
of anemia, heart murmurs may be heard; these can be sec- 
ondary to the cause of the anemia and related to the increased 
cardiac workload required to bring oxygen to the tissues.* 

A broad category of anemia includes those termed aplas- 
tic. Aplastic anemia is defined as pancytopenia involving 
red blood cells, white blood cells, and platelets, and resulting 
from bone marrow production failure.!? Hypoproliferative 
anemia can be solely RBC-associated. Additional informa- 
tion concerning aplastic anemia is found in Chapter 13: Rare 
Normocytic Normochromic Anemias: Aplastic, Pure Red Cell 
Aplasia, Congenital Dyserythropoietic Anemia, and Paroxys- 
mal Nocturnal Hemoglobinuria. 
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eneral, there are two types of aplastic anemia. The first 
includes congenital or so-called idiopathicforms.'? The 
ond type is secondary or acquired.!? Causes of second- 
aplastic anemia include exposure to chemicals (e.g., 
ne and some other fluorocarbons), therapeutic agents 


me types of hepatitis and parvovirus infections), and ion- 
ng radiation.'? Aplastic anemia is a pancytopenia involv- 
Cs, white cells, and platelets. 


who also have fever and heart murmurs. Bacterial 
itis is a clinical example in which the damaged, 
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infected myocardial valve and heart murmur are related 

etiologically to the anemia.’ Prosthetic heart valves, arterial 
grafts, and disseminated intravascular coagulation (DIC) 
| can cause a form of mechanical hemolytic anemia known 

as microangiopathic hemolytic anemia.’ This anemia is 

a subgroup of hemolytic anemia resulting in fragmentation 

and destruction of RBCs caused by diseases of small blood 
| vessels. 


Lt i Y ' 
6-2 What components in the blood are affected in aplastic 
anemia? 


ci 


ww ECA OOEI ICG 78k " Li 

The individual types of anemias can be classified according to 
several different criteria. A bone marrow dynamic classification 
is hypoproliferative (decreased production), hemolytic (accel- 
erated destruction), or a combination of the two (sometimes 
called ineffective hematopoiesis). Anemias are often classified 
clinically according to their associated causes, such as blood 
loss, iron deficiency, hemolysis, infection, metastatic bone mat- 
row replacement, and nutritional deficiency (see Box 6-1). 


Laboratory Classification of Anemias 
Anemias can also be categorized quantitatively in the labo- 
ratory by their hematocrit and hemoglobin levels, blood cell 
indices, and/or reticulocyte count.'*'> Laboratory scientists 
are frequently involved in the quantitative measurements that 
lead to these classifications and in subsequent evaluations (see 
Figure 6-1). 
Hemoglobin and Hematocrit Levels 
Measurement of the hemoglobin and hematocrit levels is the 
usual method of determining whether a patient has anemia. 
Hemoglobin is the main component of the RBC. It is the phys- 
iological carrier of oxygen to tissues and acts as a buffer to 
handle carbon dioxide formed in metabolic activities.’ The 
hematocrit, or packed RBC volume, is the ratio of the volume 
of RBCs to the volume of whole blood. Hematocrit is usu- 
ally expressed as a percentage (e.g., 42%), but is expressed in 
Standard International (SI) units as a decimal fraction (e.g., 
0.42 L/L). 

Several companies manufacture automated instruments 
that include the determinations of hemoglobin and hema- 
tocrit levels as part of a hematologic profile known as the 
complete blood count (CBC). The Het reference range for 
adult men is 47% + 5%, although it does vary by institution 
and instrumentation. For adult women during the reproduc- 
tive years, the Hct reference range is 42% + 5%, Different 
reference ranges are required for neonates and very young 
children, and, as with all reference ranges, vary among insti- 
tutions and patient populations.* 

A general rule or check on the reported Hgb and Het levels 
is that the Het should be approximately three times the Hgb 


value, or the ratio of Hgb to Het is 1:3. This rat eh 
with the cause of the anemia and the effect of that. 


the RBC indices. r 
Problems in the measurement of hematocrit 


RBC count (polycythemia) and/or a high reticulog 
count, because hematocrit determinations using 
analyzers can result in the calculation of falsely 
ues. The higher cell volumes of these cells and ine 
bers can interfere with the mean corpuscular volyy 
and red blood cell count during the calculation 
tocrit. Figure 6-1 is a simplified algorithm for anem;, 
Hgb, Het, and RBC indices. ‘ 
Histologic examinations of the bone marrow smear a 
rate are adjuncts to further elucidate the cause of the an. 


Morphological Classification of Anemias 
Classifying a disorder by the size and appearance: 
known as morphological classification. To classify 
red blood cell indices are measured and/or cal 


Red Blood Cell Indices 
RBC indices include the mean corpuscular volume 


mean cell hemoglobin (MCH), and mean cell } 
concentration (MCHC).'? The MCV is the ave 
expressed in femtoliters (fL), of RBCs. It is mea 
or calculated from the hematocrit and RBC count 
is the content of hemoglobin in the average R 
calculated from the hemoglobin concentration an 
count. MCHC, the average concentration of hemi 
volume of packed RBCs, is calculated from the 
concentration and the hematocrit level.’ ; 
RBC indices are readily available from auto 
tology counting devices. Values are calculated 
which the MCV is derived from the voltage cha 
during the RBC count. The calculations are: j 


e Hematocrit equals the MCV times the RBC co 
e MCH equals the hemoglobin divided by the RBC 
e MCHC equals the hemoglobin divided by the hem: 


The adult reference range for MCV is 80 to 100 
MCH it is 27 to 31 pg; and for MCHC it is 32.0 to 35 
oa 


FIGURE 6-1 Simplified algorithm for anemias using RBC indice: 


> 


og to 36%). If the MCV is within the reference range, the 
4 acd nsidered normocytic; if less than normal, they 
vicrocytic; and if greater than normal, they are macro- 
m sth MCH and MCHC values are used to determine the 
of hemoglobin in RBCs. The MCH strongly correlates 
MCV. ? 
jous anemic states, the indices may be altered as fol- 
jn microcytic anemia, from an MCV of less than 80 f1. 
* oa low of approximately 50 fl; from an MCH of less 
vn gto approximately 15 pg; and from an MCHC of less 
30% to 22%. In the macrocytic anemias, MCV values 
ly greater than 100 fL and may be as high as, and 
mes even higher than, 120 fL, and the MCHC may be 
or decreased. The MCHC may be increased only in the 
ace of spherocytosis, if at all. 
automated hematology instruments also provide 
distribution width (RDW) value. The RDW is an 


lation of Red Blood Cell Indices 
RBC indices are accurately calculated by automated 
ology instrumentation. These instruments provide pre- 
numeric values for hemoglobin levels, the numbers of 
_ and the MCV. Although less precise, careful micro- 
- examination ofa peripheral blood smear can determine 
the RBCs are normocytic, microcytic, macrocytic, 
normochromic (normal amount of hemoglobin), or hypo- 
hromic (lower amount of hemoglobin). A proper specimen 
quired to obtain accurate answers.!! 
RBC indices equations and reference ranges are shown in 
3. 
e of the RBC indices in the differential diagnosis of 
nemia can provide a general idea as to what is occurring clin- 
sally (Table 6-2). A normocytic normochromic anemia may 
the result of bone marrow failure, hemolytic anemia, or 
subset of either of these conditions.’ 


-3 RBCIndice Equations and Reference Ranges 
equals Hct (in %) multiplied by 10, divided by RBC count (in 
nillions/jsL); reference range: 90 + 10 fL. 


Hct (%) X 10 


Vo RBC count (millions/yL) 


equals Hgb (in g/dL) multiplied by 10, divided by RBC 
it {in millions/yL); reference range: 29 + 2 pg. 


a Hgb (g/dL) x 10 
yes RBC count (millions/yL) 


{C equals Hgb (in g/dL) multiplied by 100, divided by Het 
entage); reference range: 34 + 2%. 


MCHC = Hgb (g/dL) * 100 
Hct (%) 
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TABLE 6-2 Morphological Classification of Anemias 
by RBC Indices 


Hgb Content 
(MCHQ) (%) 


Normochromic 
(32-36) 


Possible Causes 


Bone marrow failure 

Hemolytic anemia 

Chronic renal disease 

Leukemia 

* Metastatic 
malignancy 


Normocytic 
(80-100) 


Normochromic + Megaloblastic and 
(32-36) nonmegaloblastic 
macrocytic anemias 
(e.g,, liver disease, 
myelodysplasias) 


Macrocytic 
(>100) 


Hypochromic (<32)  * Iron deficiency 

Sideroblastic anemia 

Thalassemia 

+ Lead poisoning 

* Chronic diseases 

* Chronic infection or 
inflammation 

¢ Unstable 

hemoglobins 


Microcytic 
(<80) 


Other Laboratory Tests 

Other laboratory tests used to classify anemias include reticu- 
locyte count, peripheral blood smear, and bone marrow smear 
and biopsy. 


Reticulocyte Count 

The differential diagnosis of bone marrow failure requires 
information about RBC production. This information can 
be obtained from the reticulocyte count, which indicates 
whether there is bone marrow capacity for increased RBC 
production. Because RBC destruction may exceed pro- 
duction, the reticulocyte count, in fact, measures effective 
RBC production. 

Reticulocytes are nonnucleated RBCs that still contain 
RNA. Reticulocytes can be visualized after incubation with 
a variety of so-called supravital dyes, including crystal violet 
and brilliant cresyl blue. 

In Figure 6—2, reticulocytes can be visualized using a new 
methylene blue stain. 

RNA is precipitated as a dye-protein complex. Under nor- 
mal circumstances, reticulocytes lose their RNA a day or so 
after reaching the bloodstream from the marrow. Reticulocyte 
activity can be expressed as an absolute count, a production 
index, or a percentage.'! Because anemia typically is accom- 
panied by increased bone marrow activity, the reticulocytes 
are expected to increase, A corrected reticulocyte count com- 
pares the patient hematocrit value with a normal Hct value 
using the following formula: 


Patient Het % X Reticulocyte % 
Reference Het mean (45 %) 


Corrected reticulocyte % = 
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For example, in a patient presenting with a reticulocyte 
count of 10% with a hematocrit of 22%, the correct reticulo- 
cyte would be: 


10% X 22% _ 4 oo 
a ek 


The reticulocyte count can also be expressed as the reticu- 
locyte production index (RPI). The RPI accounts for the pres- 
ence of “stress or shift” reticulocytes in the peripheral blood. 
These premature reticulocytes contain more filamentous retic- 
ulum and result in a longer maturation time in circulation. The 
RPI calculation takes into account the corrected reticulocyte 
count as well as the maturation time of the reticulocyte based 
upon the patient hematocrit. 

The RPI is calculated as follows: 


{Reticulocyte count (%) x Patient Het (%)] /45(%) 
2 (Stress reticulocyte maturation time at 25% Hct) 


For example, a patient with a reticulocyte count of 12% 
and a hematocrit of 25% would yield an RPI of: 


(12% x Bu: )/45% _ 5 


Interpretation of the reticulocyte count must take into 
account the age and nutritional status of the patient. The 
reference range for healthy adults is a reticulocyte count 
between 0.5% and 2.0%, or from 24 to 100 X 10? reticulo- 
cytes per liter. Newborn infants have a higher reticulocyte 
count of 2.5% to 6.0%. 

A high reticulocyte count is characteristic of hemolytic ane- 
mia when there is decreased RBC survival. This may be the 
result of extravascular elimination, intravascular destruction, 
or a combination of the two.'* Macrocytic normochromic ane- 
mias usually occur in association with folate or vitamin B,, 
deficiency.'° The most commonly encountered anemias are 
the microcytic hypochromic anemias, usually referred to as 
iron-deficiency anemia (IDA).'°'’ In IDA, the reticulocyte is 
decreased in relation to the severity of the anemia as a result 
of ineffective erythropoiesis. Beta-thalassemia, an inherited 
defect of hemoglobin synthesis, is another cause of microcy- 
tosis and decreased reticulocyte count.’ Less frequently seen 
are the sideroblastic anemias, which are also associated with 
decreased MCV and reticulocyte count.'® These anemias are 
described in more detail in Chapters 7 through 15. 


CRITICAL THINKING QUESTION 
6-3 In what type(s) of anemia would the reticulocyte count be 
decreased? 


i ...c. >. °° °° =. 
ADVANCED CONTENT 
Other Factors Involved in Red Blood Cell Production 
Bone marrow stem cells require various other factors to con- 
_ tinue to synthesize hemoglobin and permit proper maturation 
, 
: 


of erythrocytes and other cells, 
for example, stem cell factor, e1 
(IL-3), and other interleukins. The 
gen group and thyroxin are also nece 
such as vitamin B,,, folate, vitamin C,. 
(B,), thiamin, riboflavin, and pantoth 
in bone marrow productivity.* Certain m 
manganese, and cobalt, are part of th 
for RBCs and other bone marrow cellu 

Some factors act as growth-inhibiting 
these is transforming growth factor- 
causes inhibition of growth of hema 
Myeloid progenitors are known to be 
necrosis factor (TNF) and interleukin-4 (jj 


CRITICAL THINKING QUESTION 
6-4 What laboratory tests are used to diagnose q 


Peripheral Blood Smear 
Microscopic examination of a properly collecte 
peripheral blood smear is a requirement fo 
laboratory evaluation of anemia. A periphe 
provide much information concerning the caus: 
For example, coexistent neutropenia, throm 
anemia may indicate bone marrow failure o 
tional substance to allow for adequate bo 
tion.'® The size and shape of the RBCs can b 
examiner as part of the peripheral blood sm 
the size of RBCs result in anisocytosis, and 
shape result in poikilocytosis. The hem 
content of the RBCs can be inspected visuall 
eral smear. In addition, morphological cellula 
peripheral smear may provide clues to the etiol 
mia, the bone marrow response, or both. 
be evaluated; for example, excess lobulati 
phonuclear leukocytes are seen in the hype! 
locytes of macrocytic anemias (see Chapte! 
Anemias and Other Macrocytic Anemias) 

Basophilic stippling in the RBCs ma: 
ence of increased bone marrow productio 
tosis (Fig. 6-2), It may also indicate that 1 
of RNA, which may be associated with lead p 
some malignancies. Howell—Jolly bodies ar 
blue inclusions seen in RBCs as the result © 
DNA still remaining in the cell (see Chap 
of the Peripheral Smear: Red Cell, White ¢ 
let Morphology). Howell—Jolly bodies are 
hyposplenism and asplenism, pernicious am 
hemoglobinopathies—particularly thalas: 
heimer bodies, which are iron-containing ¢ 
ules, appear as purplish-blue granules 
and as coarse blue granules with P: 
The clinical disorders associated with Pi 
include sideroblastic anemia, alcoholism, ! 
some myelodysplastic syndromes.*!” Nucle: 


FIGURE G2 Reticulocytosis (new methylene blue stain). 


jron granules are known as sideroblasts, and RBCs contain- 
ing iron granules but without a nucleus are referred to as sid- 
erocy tes. Ringed sideroblasts are those in which more than 
five granules are arranged in a ring around the nucleus of an 
orthochromatic normoblast (Fig. 6-3). Ringed sideroblasts 
are indicative of ineffective erythropoiesis. 

A threadlike blue ring contained entirely within an abnor- 
mal RBC, which may or may not have a “figure-of-8” and a 
round or oval configuration, is known as a Cabot ring (see 
Chapter 4). which is a remnant of the nuclear membrane. This 
infrequent finding may be seen in several clinical disorders, 
including pernicious anemia, lead poisoning, and other severe 
anemias.* Heinz bodies (Fig. 6-4) are small, rounded, angular 
inclusions about one micron in diameter and represent aggre- 
gates of denatured hemoglobin that are negative when stained 
with Prussian blue or other iron stains. Heinz bodies can 
be demonstrated only by using supravital stains (e.g., crys- 
tal violet) and are not visible with the usual Wright’s stain. 
The clinical disorders that have been associated with Heinz 
bodies include glucose-6-phosphate dehydrogenase (G6PD) 
deficiency after exposure to oxidizing drugs, unstable hemo- 
globinopathies, alpha-thalassemia, and post-splenectomy.* 


—~ 


FIGURE 6-3 Ringed sideroblast (center) and siderocytes (surrounding 
cells). (From Bell A. Hematology, Listen, Look and Learn. Bethesda, MD: 
Health and Education Resources, Inc,, with permission.) 
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FIGURE 6-4 Heinz bodies. (From Bell A. Hematology, Listen, Look and 
Learn. Bethesda, MD: Health and Education Resources, Inc., with 
permission.) 
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Bone Marrow Smear and Biopsy : 
Bone marrow aspiration and biopsy are important diagnostic 
tools in the determination of anemia. Bone marrow interpre- 
tation and evaluation are covered in Chapter 3: Bone Marrow 
Structure and Function. Factors to be evaluated in interpre- 
tation of a bone marrow aspirate smear and biopsy include 
maturation of the red and white cell series, presence of mega- 
karyocytes, ratio of myeloid to erythroid cells, abundance of 
iron stores, presence or absence of granulomas, tumor cells, 
and overall estimate of bone marrow cellularity. 

Interpretation of the bone marrow requires a differential 
count of the myeloid, lymphoid, and erythroid series; an iron 
stain; and other appropriate techniques. If a differential diag- 
nosis of lymphoproliferative or myeloproliferative disorders 
is being considered, immunohistochemical stains typically 
are performed. Other appropriate specific stains may be indi- 
cated if metastatic tumor or infection is suspected or being 
evaluated.!® 


Differential Diagnosis 

The differential diagnosis of anemia is based on a combi- 
nation of laboratory findings (see Table 6—2) and clinical 
symptoms (see Box 6—2). A decision-making flowchart for 
the diagnosis of anemia using RBC indices is provided in 
Figure 6-5. 

A wide variety of marrow, extramedullary, and interrelat- 
ing disease states requires careful consideration in the differ- 
ential diagnosis of anemia. Many tests are available to aid in 
the differential diagnosis of the multiple types of anemia. Suc- 
cessful study of the causes of anemia requires a broad knowl- 
edge of clinical laboratory testing. The other tests that may 
be performed in the diagnosis of anemias and the chapters in 
which these tests are discussed are listed in Table 6-3. 


New RBC Parameters in Testing for Anemia 


The latest generation of hematology analyzers provides 
new RBC parameters and reticulocyte indices.*!3'4 These 
include the percentage of microcytic RBCs, the percent- 
age of macrocytic RBCs, the percentage of hypochromic 


SEL 


DECISION-MAKING FLOW CHART FOR ANEMIA 


HEMOGLOBIN / HEMATOCRIT 
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¢ History of acute 

blood loss : 

¢ Autoimmune 
hemolytic anemia 

¢ Anemia of chronic 

inflammation — 

 Dyserythropoiesis 


¢ Anemia of infection 
¢ Aplastic anemia 
*Congenital 
_dyserythropoiesis — 

nemia(CDA) 
omic disease 
ar eee 


¢ Pernicious 
anemia 


-making flowchart (algorithm) for the diagnosis of anemia using the RBC indices. 


FIGURE 6-5 Decision 


sABLE 6-3 Other Tests That May Be Performed 
in the Diagnosis of Anemias 


* Hemoglobinopathies 
Thalassemia 
syndromes 


Hemolytic anemias 


Hereditary 

spherocytosis 

Severe iron 
deficiency 

* Sickle cell disease 

* B-Thalassemia 


Hemolytic anemias 
glucose-6- 
phosphate 
dehydrogenase 
(G6PD) deficiency 
pyruvate kinase (PK) 
deficiency 


Tests for red 


q 
2 


lron-deficiency 
anemia 


Megaloblastic 
anemias 


RBCs, the percentage of hyperchromic RBCs, the reticu- 
locyte hemoglobin content, and the immature reticulocyte 
fraction.® Several studies have demonstrated the useful- 
ness of these new parameters in selected patient popula- 
tions.®'*° It has been reported that, when these new 
parameters are combined, they provide information at a cel- 
jular level regarding iron availability in RBCs and reticulo- 
cytes. The most widely studied parameter, the hemoglobin 
content of the reticulocyte, allows for early detection of 
iron-deficiency anemia.° The major limitation of these new 
parameters is the difficulty in comparing results from the 
different manufacturers of automated analyzers.'? Another 
variable or limitation is the storage time and temperature of 
the samples used to determine these new RBC parameters.° 
Table 6—4 lists the different designations for each of these 
new RBC parameters by the type of automated analyzer, and 
Table 6-5 outlines the new red blood cell parameters. 


ge of mature hypochromic RBCs reflects the 
of the patient’s red cells during circulation. 
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TABLE 6-4 Designations for New RBC Parameters 
by Analyzer 


New RBC Sysmex Xn Abbott Siemens Advia 
Parameter 9000 Sapphire 2120 
Percentage % Micro-R % MIC Micro % 

of microcytic 

RBCs i 
Percentage % Macro-R % MAC Macro % 


of macrocytic 
RBCs 


% Hypo-He 


Percentage of 
hypochromic 
RBCs 


Percentage of %Hyper-He 
hyperchromic 
RBCs 
Reticulocyte 
hemoglobin 
content 


Retic-He 


Immature IRF IRF IRF 
reticulocyte 
fraction 


) 


Based on the new RBC parameters, the ratio index of per- 
cent microcytic to percent hyperchromic has been shown 
to be more sensitive as a screening tool for distinguishing 
between iron deficiency and thalassemia, compared with 
the traditional indices.° 

In addition, the percent microcytic RBCs is greater in 
_ thalassemia compared with iron-deficiency anemia.® 

The percent hypochromic red blood cells has also 
been useful in the anemia of chronic kidney disease 

| by identifying iron-restricted erythropoiesis in anemic 
patients treated with erythropoiesis stimulating agents.'* 

The percent hyperchromic cells is useful in the diagno- 
| sis of hereditary spherocytosis and immune hemolytic 
anemia." 

It has been reported that determination of the hemo- 
globin content of reticulocytes has several advantages 
for routine use.° Unlike traditional chemistry tests, this 
parameter is not influenced by infection or inflammation 
and can be performed on the same sample used for the 
complete blood count.® 


New red cell parameters and reticulocyte indices will 
play an important role in the differential diagnosis and mon- 
itoring of anemias. However, it should be remembered that 
microscopic examination of the peripheral smear is essential, 
despite the advancement of newer generations of automated 
hematology analyzers. 
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TABLE 6-5 New Red Blood Cell Paramenters 
Variable 


Percentage of hypochromic red cells 


Clinical Application 


Assessment of iron availabili 
tional) for erythropoiesis. Re 
the last 3 months. 


~ Diagnosis of hereditary/imm: 


Percentage of hyperchromic red cells 


ty (absolute or func- 
lated to iron status in 


Limitations 


Affected by Preanalytica 
(storage temperature tir 
intervals and diagnost 
method dependent, Li 
presence of B thalassen 


une spherocytosis 


Reference intervals a 


Percentage of microcytic red cells 


of microcytic anemia. 


Useful in combination with other RBC parameters 


i i to obtain 
(mainly hypochromic erythrocytes) oop 
discriminant indices for the differential diagnosis 


Reference intervals a 
are method depende, 


Reference intervals and 
method dependent. 


Reticulocyte Parameters 

Immature reticulocyte fraction (IRF) Classification of anemias and monitoring of treat- 
(fraction) ment. Verify aplastic anemia. 

Reticulocyte mean hemoglobin Diagnosis of iron-deficient erythropoiesis. Early 
content (pg) monitoring the response to iron therapies. 


Limited value in the Dr 
B-thalassemia. 


Mean reticulocyte volume (fL) 


nutritional anemia. 


Modified from Buttarello M. 
38(Supp! 1):123-32, 


Overview of the Treatment of Anemia 


Because anemia is treated according to its cause(s), the cause 
should be considered and determined before beginning either 
supportive therapy (such as a transfusion) or replacement 
therapy. This chapter has identified only some of the possible 
causes of anemia. Indeed, more than one cause of anemia can 
exist in a patient. Obtaining the proper diagnostic studies in 
the shortest and most cost-effective manner is the responsi- 
bility of the attending physician and laboratory professionals. 


ADVANCED CONTENT 


The natural history of anemia depends on its cause. For 
example, a patient with an iron-deficiency anemia associ- 
ated with carcinoma of the colon may present with signs of 
an iron-deficiency anemia associated with blood loss from 
the tumor.’ Later, with more extensive tumor involvement, 
the anemia may include a bone marrow failure component 
because of bone marrow replacement by the tumor, as in a 
myelophthisic anemia. Patients with pernicious anemia 
require a lifetime of parenteral vitamin B,, supplementation,” 


Diagnosis of iron-deficient erythropoiesis. Early 
monitoring of treatment with B, ,/folate/iron in 


Laboratory diagnosis of anemia: are the old and new red cell parameters useful in classification and treatment, how? Int J La 


Affected by preana 
temperature, time). Rt 
method dependen’ 


whereas those with other forms 
mia may require only a balanced d 
folic acid.” 

Transfusions can obscure and ¢ 
diagnostic tests in patients with ane 
suppress erythropoiesis; alter vita 
levels; and thwart the interpretation 
ing the specific cause of the anemia 
diagnosis be made, if at all possible, 
given. 

Recombinant Epo is now availab 
tain types of anemias, particularly end 
anemia associated with human i 

_ and anemia associated with cancer and 
disorders,’ 


CRITICAL THINKING QUESTION 


6-5 Why is it important to determine the: 
before administering treatments such as! 


cUMMARY CHART _ 


ere are many causes of anemia, including nutri- 
tional deficiencies, blood loss, increased destruction 
or decreased production of RBCs, infections, toxicity, 
heredity, and acquired defects, 


¢ Anemia is usually characterized by decreased RBC 
count, hemoglobin, and/or hematocrit levels, 


¢ Hemoglobin levels vary with age and sex. Reference 
ranges should be determined and reported for infants, 
children, and adult men and women. 


Clinical symptoms associated with anemia may include 
vertigo, light-headedness, muscle weakness, headache, 
t or dyspnea. 
¢ Adult hemoglobin reference ranges are approximately 
14 to 18 g/dL for men and 12 to 16 g/dL for women. 


e The hematocrit (Hct), or packed red cell volume, is 
determined by centrifugation of blood of either capil- 
lary or venous origin; it can be calculated by the mean 
corpuscular volume (MCV) multiplied by the RBC 
count and divided by the sample size. 

e The hematocrit reference range of adult males 
is 47% + 5%; for women, it is 42% + 5%, 

e RBC indices include the mean corpuscular volume 

(MCY), mean cell hemoglobin (MCH), and mean cell 

hemoglobin concentration (MCHC); their reference 

range values can be used to aid in the morphological 
classification and diagnosis of anemias. 
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Morphological examinations of the peripheral blood 
smear and bone marrow preparations are valuable aids 
in the diagnosis of anemias. 


Anemias may be classified as normocytic and normo- 
chromic, microcytic and hypochromic, or macrocytic 
and normochromic. 


The reticulocyte count is useful in determining the re- 
sponse and potential of the bone marrow. Normal adult 
values are 0.5% to 2.0%. The count can be determined 
by automated or manual methods. 


The corrected reticulocyte count is determined by pa- 
tient packed corpuscular volume (Hct) multiplied by the 
reticulocyte count (%), divided by the reference Hct. 


Bone marrow aspiration and biopsy are used in the 
overall estimate of bone marrow cellularity. 


The latest generation of hematology analyzers provides 
new RBC parameters and reticulocyte indices, includ- 
ing the percentages of microcytic RBCs, macrocytic 
RBCs, hypochromic RBCs, and hyperchromic RBCs, 
as well as the reticulocyte hemoglobin content, and the 
immature reticulocyte fraction. 


Because anemia is treated according to its cause(s), 
the cause should be considered and determined before 
beginning either supportive therapy (such as a transfu- 
sion) or replacement therapy. 


REVIEW QUESTIONS 


1. Which hematology test can you use to monitor the 
response of the bone marrow? 
a. MCV 
b. RDW 
c. Platelet count 
d. Reticulocyte count 


2. Which of the following conditions can be a cause of 
anemia? 
a. Dehydration 
b. Moderate exercise 
c. High elevations 
__ d. Increased RBC destruction 


3. Which of the following represents the most complete 
and correct listing of the most common clinical signs 
of anemia? 

a. Fatigue, weakness, dyspnea, pallor 

b. Urticaria, hypertension, inflammation, nausea 

c. Nausea, hypertension, temperature elevation, 
melena 

d. Rapid pulse, inflammation, temperature elevation, 
dehydration 


4. What is the normal adult value for the reticulocyte 


count? 

a. 1.0%-4.0% 
b. 2.0%-6.0% 
c. 11.5%-14.5% 
d. 0.5%-2.0% 


. How is hematocrit measured on automated hematology 


instruments? 

a. Centrifugation 

b. Photometrically 

¢, Calculation (MCV X RBC count) divided by the 
total sample volume 

d. Calculation (MCH X Hgb) 
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REVIEW QUESTIONS—cont'd 


6. A patient has the following results: Het 26%; we ee 
dL; and RBC count 3.5 X 10°/pL. Calculate the at 
indices —MCV, MCH, and MCHC—and determine 
classification of the anemia. 

a. MCV 88 fL; MCH 30 pg; MCHC 33 g/dL; normo- 
cytic, normochromic : : 

b. MCV 101 fL; MCH 33 pg; MCHC 35 g/dL; macro 
cytic, normochromic 

c. MCV 74 fL; MCH 22 pg; MCHC 31 g/dL; micro- 
cytic, hypochromic ' 

d. MCV 70 fL; MCH 22 pg; MCHC 38 g/dL; micro- 
cytic, hyperchromic 


7. In a healthy individual, the body produces new RBCs 
to compensate for what approximate daily loss? 
a. 0.01% 
b. 0.1% 
c. 10.0% 
d. 1.0% 


8. A microcytic hypochromic anemia can be seen on the 
peripheral blood smear in what type of anemia? 
a. Iron-deficiency anemia 
b. Megaloblastic anemia 
c. Hemolytic anemia 
d. Anemia of liver disease 
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Hepcidin 
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LEARNING OBJECTIVES 


4t the end of this chapter, the learner should be able to: 


Explain the function of iron in relation to hemoglobin. 


2 Evaluate the processes of iron absorption, transport, 
regulation, and storage related to erythropoiesis. 
173° Identify the most common causes of hypochromic 
anemias given complete blood count (CBC) results. 


_ 7-4 Assess the pathophysiology of iron deficiency anemia, 
~ anemia of chronic inflammation, sideroblastic anemia, 
_and the porphyrias. 
7-5 Differentiate a ringed sideroblast from other abnormal 
cells. 
ie microcytic hypochromic anemias are a group of red 
d cell disorders that involve a defect in hemoglobin 
is due to a deficiency of iron or abnormal iron utili- 
These anemias include iron-deficiency anemia (IDA), 
a of chronic inflammation (ACI), and sideroblastic ane- 
a. The most common of these is IDA, which affects more 
2 billion individuals worldwide.' Microcytic hypochro- 
nemias also include disorders of globin chain synthesis, 
comprise the thalassemias. These globin chain defects 
scussed in Chapter 12. 


Clinical Findings 
Laboratory Testing and Results 


Ferritin Treatment 
Transferrin Receptor ; Sideroblastic Anemia 
Free Erythrocyte Protoporphyrin and Etiology 

Zinc Protoporphyrin Pathophysiology 


Clinical Findings 
Laboratory Testing and Results 


Case Study 7-3 
Case Study 7-4 
Summary Chart 
Review Questions 
References 


7-6 Discuss the main cause of acquired sideroblastic 
anemia. 

7-7 Differentiate iron deficiency anemia, anemia of 
chronic inflammation, and sideroblastic anemia 
based on laboratory results. 


7-8 Define the porphyrias. 


7-9 Analyze the pathophysiology of iron overload and 
hereditary hemochromatosis, and list common 
disorders associated with these disorders. 


7-10 Evaluate laboratory results that indicate iron overload 
and hereditary hemochromatosis. 


Erythropoiesis is a highly regulated process throughout 
the entire life span of each individual. Hemoglobin synthe- 
sis is an integral part of erythropoiesis and requires three 
compounds: iron, globin, and protoporphyrin. Each hemo- 
globin molecule consists of four heme groups and four 
globin chains. Each heme group contains a protoporphyrin 
ring plus an iron molecule. Adult hemoglobin A contains 
two alpha and two beta polypeptide chains. For a review 
of hemoglobin formation and function, refer to Chapter 2. 
This chapter reviews normal iron metabolism followed by a 
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discussion of IDA, ACI, sideroblastic anemia, and heredi- 
tary hemochromatosis. 


Normal Iron Metabolism 


Iron is an essential element for all living organisms. It is 
required by every cell in the body and is the essential compo- 
nent of the heme complex, It is important for cellular growth, 
oxygen transport, and the proliferation of red blood cells. Key 
factors in the metabolism of iron include distribution and 
requirements, daily requirements, absorption and transport, 
regulation, and iron storage. 


Distribution and Requirements 

The average adult has a total body iron content of between 3 
and 5 g. Two-thirds of the total body iron is found in hemoglo- 
bin.* The remainder is found in myoglobin, iron-dependent 
metabolic proteins, and storage pools of iron, and a small 
amount is in circulation bound to transferrin Iron storage 
pools are found in the bone marrow, liver, and spleen. The 
majority of this stored iron is in the form of ferritin or hemo- 
siderin Ferritin iron is easily mobilized by the body for 
utilization, and serum ferritin levels are used as an indirect 


Daily RBC turnover 
of old cells 
1% per day 


Absorption 
1-2 mg ONLY 


FIGURE 7-1 Daily iron turnover and body iron 
distribution. 


measure of the iron stores. Hemosiderin, another fy 
storage iron, represents precipitated aggregates of 
and is less readily available for utilization.** Tron p 
lism and maintenance of body stores is a tightly re, 
process. Daily iron intake, absorption, and losses 
ally very small. Body iron is repeatedly Tecycled, 
small amount of iron that is lost each day is replaceq 
diet, This small amount of iron lost each day throy 
lular shedding of enterocytes (intestinal mucosal 
sweating is approximately 1 mg.* The normal life g 
the red blood cell (RBC) is approximately 120 das 
day, 1% of red cells are taken out of circulation. As 
20-30 mg of iron are needed each day to replace 
lost by senescent red blood cells. The majority of th 
comes from recycling, because most of the iron fi 
turnover is taken up by the mononuclear phagocytic 
(RES cells) and reutilized.° The daily iron turnover j 


trated in Figure 7-1. 


Daily Iron Requirements } 
Only a fraction of dietary iron is absorbed. Of the | 
mended daily allowance (RDA) of 8 mg/day for ma 
18 mg/day for females ages 19-50 years, the norma 


DAILY FE2* TURNOVER 
CONTINUOUS PROCESS 
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s 1-2 mg of iron from the diet? Eighty 


P on 
poor y iron intake is directed to hemoglobin syn- TABLE 7-1 lron-Containing Foods 
E ecent © rf jron requirements are affected by a number Fo Foods Moderate in Iron 
pe. pails »s, including menstruation, pregn pe 
esis “eal states, 1n : » pregnancy, an 
4 phys! OF analy during menstruation, women can lose Organ meats Masscle meats (beef, fish, fow!) 
4 4 g10 th i‘ | mg of iron per day, in addition to the 1-2 mg Wheat germ Prunes 
Be imately, oie Ion Ey 
app i jost daily: Brewer's yeast Cereals 
1 alt) =" ae F- PS 
ypic ee eeeinny Legumes Green vegetables 
ADV ANCED CONTENT Whole grain breads Shrimp 
ont of menstrual bleeding is extremely variable, and Oatmeal Oysters 
|| The wee, may lose 10-40 mg of iron a month as a result 
F | some W vrsalionl For pregnant women, the recommended 
r mensu ve ; j fi 
| of jowance (RDA) for iron increases from 18 mg to 
‘ ‘ : T p crease 
D | daily all =f ‘inimum daily requirements (MDR) are not Haas 2 Substances That Increase and De 
Ww pe ihroughout the pregnancy. The MDR in the first e Absorption of Iron 
ees are actually lower than prepregnancy because the Increased Decreased 
trimes ser menstruating. By the third trimest = 
an is no longer ; 2° ester, 7 1 
W ay requirement of iron can increase to 3.0-7.5 mg." Ingestion of acidic foods Phosphates a 
me 4 jivery, a blood loss of more than $00 mL for a vaginal Ascorbic acid (vitamin C) Phytates 
At delivery» i i = Tey 
| pith and 1,000 mL for a etek 1S considered a post- Foods that form insoluble iron 
tum hemorrhage (PPH)."' In the past, it has been noted complexes 
2 ; Jactation increases iron demand, but recent data shows 
2 the RDA for lactating mothers is actually less than 


her adult females. According to the National Institutes of iron complexes within the body can be present in various 
Health, the RDA of iron for females between the ages of _ iron states (Table 7-3). Ferric iron (Fe**) is the most common 
19-50 years is 18 mg. For lactating females, itis 10 mg. _ dietary form of iron. The acidic pH (<4) of gastric secretions 
This is likely due to the fact that many nursing mothers have and the presence of reducing substances such as ascorbic 
jactational amenorrhea, and breast milk is very low in iron. acid in the stomach help reduce ferric iron (Fe**) to the fer- 
it should be noted that a postpartum woman may be iron _rous form (Fe2*) by one of several reductase enzymes such 
deficient due to increased demands during pregnancy and _—_as Duodenal Cytochrome B (DCYTB). The strong acidic 
blood loss during delivery. ’!!* environment of the stomach, in conjunction with pancreatic 
During periods of growth, such as infancy and ado- _ enzymes, facilitates optimal absorption in the duodenum and 
jescence, iron requirements are substantially increased. jejunum. 
Recause milk is a poor source of iron, many baby formulas 
are supplemented with iron. Infants who are fed only moth- 
ers’ breast milk for longer than 4 months are at a significant 
risk of developing IDA.” 


Sources of Iron 

Dietary iron comes from heme (animal) and nonheme (plant 
and animal) sources. Many foods are rich in iron, including 
meats, seafood, legumes, green vegetables, fortified cereals, 
and prunes (Table 7-1). The bioavailabiity of iron ingested 
in the diet is only 5% to 18%.’ The foods that increase and 
decrease iron absorption are listed in Table 7-2. 


he iron storage form, ferritin (apoferritin + ferric iron). 
uired by the body, the ferrous iron is exported by fer- 


ne. This process is facilitated by oxidation of the iron to 
Fe + 3 by a copper-dependent enzyme, hephaestin. Ferro- 
tin is also important in the recycling of iron by moving 
iron out of the macrophages of various organs, such as the 
bone marrow, into the bloodstream to bind transferrin. 


ms 


ron Absorption and Transport 
Absorption of heme iron is not well understood, but it is 
thought to involve a heme carrier on the membrane of the 
Proximal intestine. Once inside the enterocyte, it is likely 
4 heme oxygenase releases ferrous iron, and it undergoes In plasma, the ferric iron circulates tightly bound to trans- 
the same common process as nonheme iron as it leaves the ferrin (apotransferrin + ferric iron). Transferrin assists iron 
“nlerocyte.? Regulation of nonheme iron absorption occurs _delivery to the erythroblasts in the bone marrow and to storage 
pa the intestinal mucosa of the small bowel. The vast __ in the bone marrow, liver, and spleen. The chelation of iron by 
Bie: of ron is absorbed in the duodenum and the first __ transferrin binding maintains iron in a soluble form. Two atoms 
"of the jejunum. Iron molecules within the diet and of ferric iron can bind to one transferrin molecule (Fig. 7-2). 
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lron (Fe) Molecules and Compounds 


___ IRON (Fe) ABSORPTION AND TRANSPORT 


Bloodstream 


of iron intake and absorption through the 
tine. Absorbed iron is converted to ferritin 
d to transferrin for distribution to body 


und iron is moved into the nucleated red blood 
C) and reticulocytes through the transferrin recep- 
(TfR1) located on the surface membrane of the red cell. 
Phe endosome (membrane-bound cytoplasmic vesicle) that is 
_ created is acidified allowing the iron to be released and reduced 
to the ferrous form. The iron transporter, divalent metal trans- 
port 1 (DMT1), moves the iron into the RBC cytoplasm. The 
process by which iron enters the mitochondria is unclear." It 
has been demonstrated that there is some direct transfer of iron 
between the endosome and the mitochondria." In the final step 
of hemoglobin synthesis, the insertion of iron into protopor- 
phyrin IX is catalyzed by ferrochelatase.'® Any excess iron 
not needed for hemoglobin synthesis is stored as ferritin'4 (see 
Chapter 2). ; i 
. Despite the large amount of iron in the Western diet, iron 
deficiency continues to be a significant cause of morbidity 


Upper GI tract 


Fes RBCs Bind oxygen 

ten Serum TransportFe = 

rom Serum and tissue sites Fe storage = 
res Bone marrow and other tissue sites Fe storage 


Hemoglobin, myoglobin, enzyme synthesi 


in North America and throughout the world, Many food 
products, including flour and baby formulas, are now sup- 
plemented with iron to help alleviate the problem,’ Factors 
that affect the absorption of iron include: 


e Amount and type of iron accessible from food 

¢ Functional state of gastrointestinal mucosa and pancreas 
e Current iron stores 

e Erythropoietic needs 

Iron Regulation 


The rate at which iron is transferred from the enterocyte to 


the bloodstream is regulated by the body’s iron levels and 
requirements. 


Cr: mp 


> ADVANCED CONTENT 


fies 0 8 
_Ferroportin transports iron not only from enterocytes but 
also from macrophages and hepatocytes into the blood- 
_ Stream. Hepcidin, a protein produced in the liver, is the 
key regulator in this process. Hepcidin binds to ferroportin, 
‘activating it and thus decreasing the iron released from 
cells such as macrophages and enterocytes.'4 
___ Regulation of hepcidin is multifaceted. A complex path- 
way has been identified but is not fully understood. The 
process involves the bone morphogenetic protein (BMP)- 
SMAD signaling complex, hemojuvelin (HJV), transferrin 
rsesptors 1 and 2 (TfR1 and Tfr2), and matriptase-2, also 
known as transmembrane serine protease 6 (TMPRSS6): 
The BMP-SMAD Signaling pathway and HJV play major 
roles in the expression of hepcidin in the liver and systemic 
iron homeostasis, TMPRSS6 regulates this process.'* 
The hemochromatosis gene produces a HFE proteia 
that binds to transferrin receptor 1 (TfR1). The HFE proteifl 
interacts with T£R1 to control iron uptake by regulating the 
Production of hepeidin in the liver. When iron levels are 
decreased, HFE protein can bind to TAR1 and is not avail- 
able to produce hepcidin. Thus, ferroportin is not inactl- 
vated, so more iron is absorbed and released from cellular 
storage, When there is plenty of iron, the HFE protein does 
not bind as readily to the TfR1 and is available to produce 
_ hepcidin, thus blocking the release of iron from cellular 
' storage.’ A mutation in the HFE gene causes hereditary 


hemochromatosis (see Hereditary Hemochromatosis !atet 
_ in this chapter). 


_ 


BONE MARROW 


ded for erythropoiesis, erythropoietin 
the formation on new red blood 
mone produced by erythroblasts, 
), that suppresses hepcidin.'* The 
epcidin inhibition in iron deficiency are 
7-3. 


cells are engulfed by macrophages and recy- 
is not used for erythropoiesis is stored in the 
sar phagocytic system (MPS) or reticuloendothe- 
S of the bone marrow, liver, and spleen. Iron 
is stored in two forms, ferritin and hemosid- 
west old red cells and catabolize the hemo- 
le the iron.® Free iron is toxic; therefore, it 
tered by a protein. The major intracellular 
iron is ferritin (apoferritin + ferric iron), 
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SPLEEN 


DUODENUM 


Enterocyte 


f hepcidin inhibition in iron deficiency anemia. In the hepatocytes, bone morphogenic protein (BMP)-SMAD signaling, 
in, is low because low levels of BMP6 are produced by liver sinusoidal endothelial cells (L-SEC), the BMP coreceptor 
; the hepatocyte surface by the transmembrane serine protease 6 (TMPRSS6), and the second transferrin receptor 
e cell surface in the absence of the ligand diferric transferrin (TF). Low hepcidin levels increase iron absorption by entero- 

ahages through increased activity of the iron exporter FPN. In mild iron deficiency in the absence of hypoxia, increased 

of TFR2 on erythroblast surfaces. In iron deficiency anemia, hypoxia increases EPO. Increased ERFE fully blocks the 

e molecular mechanism of hepcidin inhibition by ERFE remains unknown (?). BMPR, BMP receptor; DCYTB, duodenal 
t transporter 1; EPOR, EPO receptor; HEPH, hephestin. (Adapted from Camaschella C, Iron deficiency. Blood. 2019 
|-2018-05-815944, Epub 2018 Nov 6, PubMed PMID: 30401704.) 


Ferritin is water soluble and is easily mobilized by the body 
for utilization, 

Transferrin receptor 1(TfR1) on the surface of the cell is 
capable of binding two molecules of transferrin, each Carry- 
ing one or two molecules of iron. The iron content of the cell 
is regulated by control of the iron uptake and storage capac- 
ity. As cellular iron levels fall, the levels of ferritin decrease, 
and the transferrin receptors increase. When cellular iron 
increases, ferritin increases, and TfRs fall,'* 

The second storage form of iron is a degradation product of 
ferritin, hemosiderin, Hemosiderin is not water soluble. The 
iron in hemosiderin is released more slowly than that from 
ferritin and is less readily available for utilization, Hemosid- 
erin represents aggregates of iron and can be visualized in 
tissue with the use of a Prussian blue stain for iron, Hemo- 
siderin appears as granules and aggregates. Hemosiderin 
does become available in iron-deficient patients.* "29 Proteins 
involved in iron metabolism are summarized in Table 7-4. 


teins Involved in lron Metabolism 


lron-binding transport protein in plasma 
and extracellular fluid with two iron binding 
sites 


rin receptor Receptor mediated ferric transferrin with 
two transferrin binding sites 


Iron storage (less readily available) 


atosi HFE binds with transferrin receptor reducing 
(HFE) the affinity for transferrin 


iron transport protein from gastrointestinal 
lumen into the duodenal enterocyte; from 
erythroblast endosome to cytoplasm 


Transports iron from enterocyte and macro- 
phages into macrophages into bloodstream 


Copper dependent enzyme that oxidizes 
iron to facilitate its transport by ferroportin 
across enterocyte membrane into 
bloodstream 


Inactivates ferroportin thus decreasing iron 
absorbed and released from cells 


Hormone produced by erythroblasts that 
suppresses hepcidin 


i 


ate an early response to therapy? How 
al who underwent a bowel resection be 


hematologically? 
to all Critical Thinking Questions at the back 


Laboratory Evaluation 


The routine laboratory assessment of iron includes the measure- 
ment of serum iron, total iron-binding capacity (TIBC), transfer- 
rin, percent saturation of transferrin, serum transferrin receptors, 


TABLE 7-5 Iron Status: Reference Ranges” 


and ferritin. Zinc protoporphyrin (ZPP) is an indirect aSSessmeng 
of iron availability. In more complex cases, bone marrow iron 
hepcidin levels, and reticulocyte data may be evaluated? Refer. 
ence ranges for iron status are listed in Table 7-5. 


Serum Iron 

Serum iron is a measure of transferrin-bound iron. Normy 
serum iron concentration for males is 65 to 170 meg/dL. jp 
women it is usually lower. The concentration of iron flucty. 
ates in individuals and should not be used for investigatiog 
of iron metabolism without other laboratory tests.“ Tragj. 
tionally, early morning specimens were preferred because of 
diurnal variation. The clinical significance of this effect has 
been questioned.” 


Total Iron-Binding Capacity 

Total iron-binding capacity (TIBC) is the total amount of iron 
that can be bound by transferrin in the plasma or serum. Val- 
ues increase in IDA and decrease in iron overload. Each gram 
of transferrin will bind 1.4 mg of iron. The normal range is 
250 to 350 mcg/dL. The binding capacity is normally about 
one-third saturated. 


Transferrin Saturation 

Percent saturation of transferrin is functionally measured 
as the maximum amount of iron that is bound in plasma or 
serum. Serum iron and TIBC are used to calculate the percent 
saturation. A transferrin saturation value below 16% may be 
an indicator of iron deficiency. Other disorders such as ACI 
and pregnancy may result in low transferrin saturation without 
IDA. Transferrin saturation is consistently increased in iron 
overload.'** The percent saturation is calculated as follows: 


% saturation = 


gan On y 100% 


IBC 


Ferritin 

Serum ferritin is directly proportional to the amount of irom 
stored as ferritin. Ferritin is a much better measurement tha? 
serum iron and TIBC for the assessment of body iron stores. 
Normal range for ferritin is 24 to 336 mcg/L for men a” 
11 to 307 meg/L for women. When low, ferritin is a good index 
of iron depletion. It is increased in iron overload. Ferritin is 2" 
acute phase reactant protein and is increased in inflammato'Y 
States, malignancy, and infections, as well as liver disease 


Transferrin Receptor 


Measurement of serum transferrin receptors (sT{Rs) is anothet 
tool for the assessment of iron status. The sTfRs are invers¢ 


130-275 


200-400 


“Please note that reference ranges vary by institution, patient population, and testing methodology. 


~~ a 


the amount of body iron. The concentration is 
in iron deficiency but only when the iron stores are 
reason is that, with the lack of intracellular i iron, 
proteins directly increase the synthesis of trans- 
s. STfRs do not increase with anemia of chronic 
on _sTfRs assay is not widely used. 


e Protoporphyrin and Zinc 

n 

protoporphyrin (FEP) is a heme precursor 

s incorporated to form the heme molecule. 

ot available to be incorporated into this pro- 
excess Protoporphyrins form. These excess 

x with zine to form zinc protoporphyrin (ZPP). 

ed in iron-deficient erythropoiesis. The ZPP 

¢s inversely with the ferritin level. 


Iron 
blue staining of bone marrow iron stores may 
tarely justified unless investigating a possi- 
> anemia, myelodysplastic syndrome, or other 


it and Reticulocyte Corpuscular 
r) 

nbers will be decreased in cases of dimin- 
tive erythropoiesis.?” Decreased reticu- 
hemoglobin (CHr), a data point now 
hematology analyzers, is an early indicator 
rythropoiesis. Monitoring this value is also a 
patient’s response to iron therapy.” 


available, but its utility in adding value 
tudies is still to be determined.”' It may be 
lex cases such as coexisting conditions of 
d anemia of chronic inflammation.” 


( DA) is the most common cause of 
‘than 1.2 billion people affected. 
ximately 2% of men and 5% of 


as a microcytic hypochromic 
are small in size and have an 
since they are lacking hemoglobin. 
ia is even more common. IDA 
‘k of adequate iron stores in the body 
al needs for the production of red blood 
telated to IDA include diminished cog- 


ization of iron, poor diet, increased blood 
(ption. IDA can develop slowly after the nor- 
if iron have been depleted or may occur more rap- 
an increased demand for iron. Individuals 
eveloping IDA due to increased iron demand 
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include infants, preschool children, adolescents, menstruat- 
ing women, and pregnant women.' For high-risk groups, see 
Box 7-1. Causes of IDA are summarized in Box 7—2. 


Diet and Increased Need 

Nutritional deficiency occurs when insufficient iron taken in 
through the diet does not meet the need for erythropoiesis. 
If the diet has inadequate iron, the body stores of iron will 
continue to deplete. Infants, children, and adolescents are 
at a higher risk for developing IDA because of higher iron 
requirements needed during growth spurts.” The iron absorp- 
tion requirement on average is | mg per day to support normal 
growth and replace normal loss. Toddlers have increased iron 
needs because cow’s milk is low in iron. As mentioned previ- 
ously, pregnancy also makes demands on the mother’s body 
to provide iron for her needs and iron for the developing fetus. 


Blood Loss 

Excessive loss of iron from the body through blood loss can 
lead to IDA. IDA in adult males is usually caused by chronic 
blood loss from the gastrointestinal tract (GI). Blood loss 
from the GI tract includes occult bleeding, peptic ulcers, 
tumors, malignancies, hemorrhoids, and hiatal hernia. Typi- 
cally, blood loss from the GI tract occurs in elderly patients. 
In women, IDA occurs via blood loss through menstruation. 
When the red blood cells are lost outside of the body, the iron 
cannot be recycled for reuse. 


High-Risk Groups at High Risk for Iron- 


Deficiency Anemia 


Prenatal/Neonatal 

* Premature birth 

* Low birth weight 

* Anemia during pregnancy 

* Lowiron formula 

* Lack of iron supplements after 6 months in breastfed infants 


Infancy/Childhood 

* Restricted diets 

* Lack of iron supplements 

* Growth spurts 

* Chronic infection 

* Chronic or acute blood loss 


Adolescent/Adult 

+ Faddliets 

Menstruation 

Excessive weight gain 
Pregnancy 

Lactation and breastfeeding 
Elderly 

Improper diet 

Chronic bleeding 
Gastrointestinal bleeding 


Social/Economic 
* Low socioeconomic groups 
+ Recent immigration from developing countries 


PART2 Anemias 


Causes of lron-Deficiency Anemia 


Inadequate Absorption 
; Inflammatory bowel disease 
Resection of the bowel 
Celiac disease 
tacid therapy 
ligh gastric pH 
oss or dysfunction of absorptive enterocytes 
bioavailability 
ess bran 


Q) 
Bh. 


ed Iron Intake 
poor diet 
diet 
absorption 


65-170 mcg/dL 


Zinc protoporphyrin (free 16-65 mcg/dL 


erythrocyte protoporphyrin) 


) Hemoglobin a 13-15 g/dL j 

" Hypochromia i Not present | 
Microcytes Not present 
" Stainable bone marrow iron. ' Present 


TfR = transferrin receptor levels; ID = iron deficiency; M = male; F = female. 
*Please note that normal values vary by institution, patient population, and 


(IDA Without Anemia) 


.: “Total iron binding capacity Bk __ 250-450 mcg/dL ____ Normal to increased Increased Increased 
Serum ferritin level Ey __ 12-300. meg/t ___ Decreased ; " Decreased ia’ aie Decreased 
Percent transferrin saturation M:20%-50% armistice aa 

F: 15%-50% ra Normal ? <15% fe ye. Decreased 
lar ean : 1,5-2.75 mg/L Normal "increased _— ~ Increased 
Normal to increased “Increased ee increased 

— Normal — “ a Normal to decreased re Very decreased 

Not present Sight ae Marked 
Not present ; Slight : Sl af Present 
Absent or decreased RAbseniieenine «., Absent 


= 


Malabsorption 

Malabsorption is an uncommon cause of IDA. If iron absorp. 
tion is impaired owing to the absence of gastric acids, Which 
helps reduce dietary iron from ferric to the ferrous form, th 
IDA can develop. This can also be seen with patients sy ffering 
from malabsorption syndromes such as gastrectomy, gastric 
bypass, celiac disease, atrophic gastritis, or any disease tha, 
will compromise intestinal absorption.’ 


Pathophysiology 

IDA develops in the following stages over a period of time: 
stage 1, iron depletion; stage 2, iron-deficient erythropoiesis: 
and stage 3, the final stage, development of IDA. The stages 
of IDA are reviewed and summarized in Table 7-6. 


Stage 1: Iron Depletion 

Stage 1 is generally asymptomatic. The iron stores in the bone 
marrow are depleted without a decrease in serum iron. The 
hemosiderin content of the cells of the RES in a bone marrow 
aspirate is decreased or absent when stained with Prussian 
blue (Fig. 7-4). As a result, serum ferritin (a measure of stored 
iron) is decreased while mucosal absorption is increased. In an 
attempt to compensate, the liver will synthesize more trans- 
ferrin, producing an increase in TIBC. An anemia may not 
be evident (complete blood count [CBC] is normal), and the 
RBC morphology is normal. This stage creates no overt effect 
on erythropoiesis. The red cell distribution width (RDW), 
however, is usually increased, which is sometimes the first 
indication of an anemia developing.’*° 


Stage 2: lron-Deficient Erythropoiesis 
The second stage is iron-deficient erythropoiesis and is sub- 
clinical. Plasma iron levels drop. When there is a decrease \0 


Stage 1: Iron Depletion Stage 2: Iron Deficient Erythropoiesis 


(IDA With Mild Anemia) 


Decreased 


Stage 3: IDA 
(Severe Anemia) _ 


Normal to decreased Decreased 


testing methodology. 


marrow aspirate from a patient with iron-deficiency 
with Prussian blue. Note the negative staining indicated 
ue stain indicating an absence of iron. 


led for heme synthesis, excess protoporphyrins 
nd complex with zinc to form zinc protoporphy- 
P). The hemoglobin and hematocrit values are usually 
he red blood cells may begin to appear micro- 
els are decreased, TIBC increases, and TfRs 
surface of the red blood cells. A decrease in 


it erythropoiesis. Other iron-dependent tissues 
14,2831 


Jeficiency Anemia 
of anemia develops when the red blood cells 
ficient in iron. The advanced stage will show 
se in hemoglobin and hematocrit. Hemo- 
“is delayed with the formation of red cells 
mic and microcytic*! (Fig. 7-5). EPO levels 
‘is ineffective erythropoiesis as a result of 
and diminished transport of iron.*! The 
ecreased hemoglobinization and ragged 


FIGURE 7-5 Iron-deficiency anemia characterized by microcytic, hypo- 
Comic red blood cells 


= = 
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cytoplasm in red blood cell precursors” (Fig. 7-6). At this 
stage, there is a severe deficiency in total body iron. Most 
patients are not diagnosed until this stage of the disease. 


Clinical Findings 

IDA may occur over a period of months to years. The clinical 
findings of IDA are varied. As the anemia develops in severity 
and duration, the clinical symptoms increase. Typical symp- 
toms of IDA include fatigue; irritability; headache; weakness, 
especially with exercise; shortness of breath; tachycardia; and 
pale skin color or pallor. Other symptoms of a severe IDA are 
koilonychias (spooning of the nails) (Fig. 7-7), cheilitis (lip 
inflammation), glossitis (sore tongue), and muscle dysfunc- 
tion (including the heart) (Fig. 7-8). 


FIGURE 7-6 Bone marrow aspirate in iron-deficiency anemia showing 
ineffective erythropoiesis, “ragged” erythroid precursors. (From Bell A. 
Hematology. In Listen, Look and Learn. Bethesda, MD: Health and Educa- 
tion Resources, Inc., with permission.) 


FIGURE 7-7 Koilonychias or spooning of the nails, characteristic of 
iron-deficiency anemia. 
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FIGURE 7-8 Clinical manifestations of iron-deficiency anemia. A. Cheilitis, 
before (top) and after (bottom) therapy. B. Glossitis before (top) and after 
(bottom) therapy. 


Another manifestation that may be associated with IDA 
is pica. Pica is defined as the persistent eating or craving 
of nonfood substances such as clay, dirt (geophagia), or ice 
(pagophagia). 

Infants with IDA are at risk for developmental, behay- 
ior, and motor difficulties. Symptoms include irritability, 
loss of memory, and difficulties in learning. They also have 
increased susceptibility to infection, poor growth, and even 
heart issues.” 


Laboratory Testing and Results 
The features and indices associated with iron-deficiency ane- 
mia are summarized in Box 7-3. 


Peripheral Blood 

In patients with severe IDA, a microcytic hypochromic ane- 
mia is seen on the peripheral blood smear (see Fig. 7-5). 
The mean corpuscular volume (MCV), the mean corpuscular 
hemoglobin concentration (MCHC), and the mean corpuscu- 
lar hemoglobin (MCH) will all be decreased. The value will 
be determined by the degree of anemia present. Microcytes, 
anisocytosis, and an increased RDW are the first morpho- 
logical signs. The peripheral blood smear usually contains 
increased poikilocytosis with the presence of a few codocytes 
(target cells), elliptocytes or ovalocytes, and dacrocytes (tear- 
drop cells) in addition to microcytes. The reticulocyte count, 
which measures the ability for the bone marrow to produce 
new red blood cells, is decreased in relation to the severity 
of the anemia as a result of ineffective erythropoiesis." The 
white blood cell count may be low. The platelet count may be 
normal, increased, or decreased.”° 


iron Studies 
Serum iron is decreased as a result of the depletion of iron 


stores, TIBC is increased, percent transferrin saturation is 
decreased, and TfRs are increased. Serum ferritin, a storage 
form of iron, is decreased in all stages of IDA and is usually 


Indices and Features of lron-Deficiency Anemia 


Clinical 

* Clinical findings depend on the severity of the anemia 

* Severe anemias may be associated with pallor, weakness, and 
dyspnea 


Morphological 

* Usually hypochromic, microcytic RBCs 
* Mild to moderate anisopoikilocytosis 
* Decreased storage iron 

* Decreased sideroblasts 

* Absence of ringed sideroblasts 


Laboratory 

« Decreased serum iron 

* Decreased serum ferritin 

* Decreased % transferrin saturation 

* Increased total iron-binding capacity (TIBC) 

* Increased free erythrocyte protoporphyrin (FEP) and zinc 
protoporphyrin (ZPP) 

* Increased serum soluble transferrin receptor levels 

¢ Increased erythropoietin (EPO) 

« Decreased reticulocyte corpuscular hemoglobin (CHr) 


the first indication of an IDA developing. Serum ferritin is a 
sensitive marker of iron storage and is an important laboratory 
test to help differentiate IDA from other microcytic hypochro- 
mic anemias. The sTfR is useful in detecting IDA as these 
patients have an increased sT{R.!"4 


Bone Marrow 

Usually a bone marrow assessment is not indicated for aa 
uncomplicated case of IDA. The bone marrow shows a mild 
to moderate erythroid hyperplasia with a decreased M:E ratio 
and dyserythropoiesis results. A significant number of cells 
are destroyed as reticulocytes resulting in an erythroid hype™ 
plasia that cannot compensate for the degree of anemia” 


Treatment 

The first choice in the treatment for IDA is correction of the 
primary disease state. The next step is oral dietary supp!* 
ments, which are necessary to replenish the body stores. 


SS ae 
> ADVANCED CONTENT 
0 


ral supplements of ferrous sulfate are the standard treale 
ment.” A major obstacle with oral supplements is th¢ S! 
_ effect of nausea and stomach discomfort. Other oral sup 
_ plements including ferrous gluconate and ferrous fumarate 
} san be used. In some cases where intestinal absorption a} 
_ iron is impaired, intravenous administration of iron 1S 
: which may also be given for patients who cannot tolerate 
: 
; 


’ 
{ 
| 
7 


iron supplements. 


‘ § 
Blood transfusions are used only if the hemoglobin sehr 
to dangerously low levels. Each hospital will determi" © 


4 


itical level, but generally red cell transfusion should 
own cr in cases of debilitating symptoms or risk of car- 
be Jar collapse. After therapy, reticulocytes begin to rise 
thin 40 5 days. Hemoglobin levels will begin to increase in 
wi Baecd Restoration of the patient’s iron stores usually 
ses about 6 months’ (Fig. 7-9). 


“CRITICAL THINKING QUESTION 
7-2 Why is an increase in TIBC seen in the earliest stage of IDA, 
" even before ferritin levels decrease? 


Anemia of Chronic Inflammation 


Anemia of chronic inflammation (ACI) or anemia of chronic 
disease is a common hematological disorder. ACI is the 
‘second-most prevalent anemia after IDA and the most com- 
monly found anemia in hospitalized patients or those with 
chronic disease processes. It is commonly seen in elderly 
patients, but it can be observed in patients of any age. 


Etiology 


ACTis complex in nature and is associated with chronic infec- 
fions, autoimmune disease, chronic kidney disease, malig- 
nant neoplasms, and other conditions associated with chronic 
inflammation*’** (Box 7-4). ACI is considered an anemia of 


disordered iron metabolism because the iron stores are high 
and mobilization of the iron is impaired. 


Much has been ie about the pathogenesis of ACI during 
the last decade. Three major mechanisms have been described 
that act through mediators of an activated immune system to 
Calise anemia. 
__ The first cause is a response of iron restriction to many 
latory Cytokines released, Hepcidin is a hormone pro- 
by hepatocytes to regulate iron levels, but it is also an 
acute phase Teactant, Thus, increased levels of hepcidin result 
in the mereased inactivation of ferroportin. Under normal 
ee ferroportin exports and recycles iron in the blood. 
Faction to chronic inflammation inhibits the absorption 


weit? Pep 


AYPoch, PY Non Blood of a patient with iron-deficiency anemia 
omic the two Populations of red blood cells: microcytic 
Normal cells. 
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BOX 7-4 Disorders Associated With Anemia of Chronic 
Inflammation (ACI) 


Infections 

* Tuberculosis 

* Chronic osteomyelitis 
* Fungal infections 


Neoplasms 

* Carcinomas 

* Malignant lymphoma 
* Multiple myeloma 


Autoimmune Disorders 

* Systemic lupus erythematosus (SLE) 
* Rheumatoid arthritis 

+ Sarcoidosis 


of iron from the duodenum and blocks the release of iron 
stores from macrophages, causing decreased iron available 
for hemoglobin synthesis. 


> ADVANCED CONTENT 


Inflammation is a component of innate immunity and is 
regulated by the interleukin-6 (IL-6) family of cytokines.’ 
IL-6 interacts with the complement system and pattern rec- 
ognition receptors (i.e., TLR4) and modulates the adaptive 
immune response for defense against pathogens (bacteria, 
viruses, etc.), Because of its role in initiation of inflamma- 
tion and the acute phase response, IL-6 has a big role in 
chronic disease and autoimmunity. Additionally, IL-6 is an 
adipokine or cytokine secreted by fat tissue that has a role 
in the increased inflammation seen in obesity.’ 

Inflammation is one of the body’s responses to tis- 
sue injury. Inflammatory and hemostatic responses occur 
simultaneously to control any damage at the injured area 
The coagulation cascade and the complement, fibrinolytic, 
and kinin systems also interact to modulate inflammation. 

Complement can be activated by the antibody-induced 
classical pathway or directly by microorganisms via the 
alternative pathway. The presence of C3a, C5a, and other 
chemotaxins attracts phagocytes to the site of injury, where 
they recognize and phagocytose foreign substances or 
organisms. Neutrophils, monocytes, and macrophages pos- 
sess receptors for complement that can induce both exocy- 
tosis of granules (containing proteolytic enzymes, free ion 
radicals, and other inflammatory metabolites) and endocy- 
tosis of complement-coated foreign substances. 

Inflammation will continue as long as injury and damage 
continue. When the source of inflammation is persistent, 
mediators from the humoral and cell-mediated immune 
responses contribute to the onset of anemia (Fig. 7-10) 
The cytokines that contribute to inflammation are Outlined 
in Table 7-7, along with their target cells and activities. 


154 


PART2 Anemias 


A 
Ag presentation Ag-specific T cell 
toT cell a 
a—>-4 @ 
Ag So’ Ag Class II et /- 
Apc. MHC IL-2 
IL-2 T-helper @ P= 
2 cell (* } > 
Sie 
FIGURE 7-10 Mechanism of humoral and cellular IL-2 mT 
immunity. A. The antigen phagocytized by the APC is eee -— - - - a Sel Eaey ry par Pee Ter oes eee aa ace 
digested, and small antigeni ~] 
ig nd small antigenic fragments or epitopes B Humoral Immunity \ C Cellular Immunity 


are associated with the class lI MHC and presented 
to aT cell with a receptor specific for the antigen. 
Formation of the antigen-receptor complex between 


I 
I 
| 
; | | 
__ the two cells and IL-1 secreted by the APC provide the | | Lymphokines ‘T-suppressor/cytotoxic | 
signals for the T cell to be activated and secrete IL-2 | | , (CD8) | 
for its autostimulation and proliferation to effector | | “ \— | j 
_ T-helper cells. B. Humoral immunity. The T-helper | CSF T cell (* S. » | 
effector cell (CD4) and some of its lymphokines | | | MAF ~ “\S€ I 
provide the necessary signals for the B cell with the | T-helper (CD4) | AgClass! Altered | 
same antigen specificity to be activated and prolif- l | BFU-E NC self-cell | 
erate to B memory and antibody-producing plasma | I pats Grn 1 
cells. C. Cellular immunity. Some of the lymphokines | | vie ¢ 3 It 
from the activated CD4 cells and the complex formed | | production Q , § ! 
between antigens associated with class | MHC on | | mecasa ee? \ 
altered self-cell and T-cytotoxic cell (CD8) receptors I | Activated macrophage! 
cause the activation of the CD8 cells, which mediate | | * phagocytosis | 
the cytotoxic killing of the altered self-cells. Some of | | Leukocyte * monokine l 
the other lymphokines produced also play significant | | production production | 
roles in hematopoiesis and activation of phagocytic | VA NX 1 J I 
cells. (Ag = antigen; APC = antigen-presenting cell; | _s | | 
MHC = major histocompatibility complex; IL-1 = | @; | LA \ 
interleukin-1; IL-2 = interleukin-2; CSF = colony-stim- | we 1 Yi l 
ulating factor; BFU-E = burst-forming unit-erythroid; | a | Lysozyme and .“Gnx | 
GM-CFU = granulocyte/macrophage-colony-forming ! B fasraery, | iecntanin <9) 
| 


units; PMN = polymorphonuclear neutrophils; MAF = 
macrophage-activating factor.) | 


TABLE 7-7 Cytokines That Contribute to Inflammation 


Cytokine Target Cell 


IL-1 T and B lymphocytes, macrophages, and 
tissue cells 
“WL T and Blymphocytes 


‘1L3 (muttilineage Stem cells, Basophils BFU-E 


colony-stimulating 


factor) 

; La B lymphocytes 
IL5 B lymphocytes, eosinophils, precursor cells 
IL-6 B lymphocytes, hepatocytes 


Macrophages 


release 


Activity 

Lymphocyte activation, macrophage activation, acute phase reaction 
Decreases EPOR signaling 

Stimulates proliferation of Tand mature B cells 

Stimulates differentiation of bone marrow stem cells 


Stimulates Basophil and BFU-E development (with EPO) 


B-cell proliferation. 

B-cell growth and differentiation, eosinophil differentiation 
Stimulates antibody production and acute-phase reactants 
Decreases EPOR signaling 


Inhibits iron release from macrophages 
Inhibits migration ; 


| 
, 
| 


Macrophages 
Phagocytes 


Phagocytes 


Stem cells 


Stem cells 


Stem cells 


Promotes chemotaxis to site of injury 


Inhibits migration 


Stimulates differentiation of granulocytes 
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Activates macrophages and enhances their functions 


Stimulates differentiation of granulocyte-monocyte precursor cells 


Stimulates differentiation of monocytes 


Macrophages 


Activates macrophages for cytotoxic functions including 
erythrophagocytosis 


Induces MHC II molecules on APCs 


Increases myeloid cell production 


Downregulates EPOR 


Macrophages, granulocytes 


os 


Inflammation has an inhibitory effect on erythropoiesis by 
suppressing the efficacy of erythropoietin (EPO). This effect 
is twofold. Cytokines interfere with EPO-producing kidney 
cells and reduce the number and responsiveness of EPO 
Teceptors. The result is fewer red cells produced and increased 
apoptosis. 

The final, and usually minor, factor in ACI is shortened red 
cell survival. Inflammation causes an increased expression 
of DMT1, stimulating uptake of iron into the macrophages. 
Higher levels of TNF-o and IL-6 have been demonstrated. 

is may cause damage to red cell membranes and stimulate 
erythrophagocytosis,2” 

It has been Suggested that the iron sequestration demon- 
Strated in ACI is a part of the body’s defense mechanism 
against pathogens. 


CED CONTENT 


n of iron homeostasis, also called reticulo- 
on block, refers to the inability to use iron 
is a primary contributor to the pathogenesis 
Ox 7—5).*94° Proinflammatory cytokines such 
, and TNF-a divert iron from the circulation 


ng the availability of iron for hematopoiesis 
Mctional iron-deficiency state, despite having 
itores. A decrease in intestinal iron absorp- 
iron reutilization by the hepatocytes also 
$s with ACI.4! 


interleukin; MIF = macrophage migration inhibitory factor; MAF = macrophage activation factor; MHC = major histocompatibility complex; LCF = leukocyte chemotaxis 
i LIF = leukocyte inhibition factor; GM-CSF = granulocyte/macrophage-colony-stimulating factor; M-CSF = monocyte-colony-stimulating factor; G-CSF = granulocyte- 
lulating factor, APC = antigen-processing cell; INF-y = interferon gamma; TNF-c = tumor necrosis factor-alpha. 


Activates macrophages, granulocytes, and cytotoxic cells 


Inhibits erythroid proliferation 


Mechanisms Involved in Anemia of Chronic 


Inflammation 


Dysregulation of Iron Homeostasis 

* Inflammatory cytokines (IL-1, IL-6, and TNF-c) divert iron 
into storage sites 

* Increased hepcidin decreases iron absorption and blocks 
iron release 


Suppression of Erythropoiesis by Cytokines 
* Cytokines (IL-1, IL-6, TNF-a and IFN-y) increase apoptosis 
(cell death) in erythroid precursors 


Blunted Erythropoietin Response 
* Cytokines (IL-1, IL-6 and TNF-«) decrease erythropoietin 
release by kidneys 


Decreased RBC Survival 

* Extracorpuscular defect 

+ Erythrophagocytosis by splenic and hepatic macrophages 
* Damage from inflammation 

* Coating with antibody and complement 


Mechanical damage by fibrin 
ren nen err er SS 


The dysregulation of iron homeostasis in ACI is medi- 
ated by hepeidin, an iron-regulating protein and acute phase 


reactant.“ Proinflammatory cytokines (IL-1, 11-6, 
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__IL-10, IFN-y, and TNF-a) increase production of hepcidin 
; by the liver. When inflammation or infection is present, 
__ hepcidin works to decrease the amount iron released from 
_ Storage into circulation and increase iron retention intracel- 
__ lularly (increasing ferritin storage). Transferrin levels also 
_ decrease during inflammation to prevent the availability 
of nonheme iron.*! Hepcidin acts to decrease iron absorp- 
tion from the small intestine and block iron release from 
macrophages.“ Because iron is important for the growth of 
many bacteria, decreasing the availability of iron is likely a 
defense against infection, even though some bacteria might 
_ find it more accessible inside the macrophage itself.*! Ulti- 
mately, hepcidin plays a central role in the development of 
ACI by decreasing the availability of iron for hemoglobin 
synthesis. 

: Macrophages in the bone marrow demonstrate increased 
iron stores despite the low serum iron. Through hepcidin 
signaling, iron is trapped within the reticuloendothelial sys- 
tem and is unable to be fully utilized in erythropoiesis.*! 


Clinical Findings 

Anemia may be present in as little as 30 days in critically 
ill individuals. ACI presents as a mild to moderate anemia. 
It has been found that as many as 70% of consecutive hos- 
pitalized elderly patients with anemia can be attributed to 
inflammation.” 


Laboratory Testing and Results 

Anemia of chronic inflammation (ACI) is defined by an 
aggregate of clinical, morphological, and laboratory findings 
in Box 7-6. Differentiation between IDA and ACI is impor- 
tant and detailed in Table 7-8. 


20% 7-6 Indices and Features of Anemia of Chronic 


Inflammation 


Clinical 
+ Anemia present for several months following development of 
a chronic disease 


Morphological 

+ Usually microcytic or normocytic RBCs 

* May be hypochromic or normochromic 

+ Normal number of bone marrow erythrocytic precursors 
+ Increased storage iron 

+ Decreased sideroblasts 

+ Rare to absent ringed sideroblasts 


Laboratory 

* Decreased serum iron 

+ Decreased total iron-binding capacity (TIBC) 

+ Decreased % transferrin saturation 

+ Normal to increased serum ferritin levels 

+ Normal serum soluble transferrin receptor levels 


LL 


TABLE 7-8 Comparison of Anemia of Chronic 
Inflammation With lron-Deficiency Anemia 


Laboratory Finding Normal 


Hgb (g/dL) Female - 12-16 
Male - 14-18 
Mev) 80-100 Nto | 
MICH (PC )ipeesgammemen 20591 0 Ntol |) 
MCHC() Nel 
Reticulocytes (9%) 0.5-2.0 ty 
Reticulocyte Hgb 28-36 pg A N , | 
content 
CRP ini 2 ae 
Serum iron (mcg/dL) Female: 50-170 Fs aap 
Male: 65-170 
TIBC (mcg/d) 7S Cay oe ok al 
Serum ferritin 12-30 \e = j J | 
(ng/mL) 
Transferrin Female: 15-50 ; Mae S 
saturation (%) Male: 20-50 <i 
RE marrow iron eS 2-34 re pelea 
deposits “- 
Sideroblasts (9) af “40-60 Se oni | 
STAR 1.5-2.75 mg/L t Noll 
sTfR-ferritin index it <1. 
“FEP (meg/dl)* 16-65 — 
Hepcidin® =—=29-254ng/mL Men No") 
17-286 ng/ml W men 
Reference ranges as provided in the front cover of the text using the cone 
units. ACI = anemia of chronic inflammation; IDA = iron-deficien’y anes ool? 
C-Reactive Protein; RE = reticulo-endothelial; sTfR = Soluble transferrin Ree? 
= free erythrocyte protoporphyrin; * not commonly per'o! med 
Peripheral Blood pjood 


ate : > red 

On examination of the peripheral blood, mes roche? 
ara . and hyp 

may be microcytic to normocytic in size and byP ant i 

normochromic in color (Fig. 7-11). Anisocyt0s” doe 


F 5 4 are ~quit 4 st 
cytosis are slight to absent, The reticulocy® © cou? 


: atelet co 
reflect the degree of anemia. The WBC and pe 
: i ts 
variable, depending on the underlying conditt 
Iron Studies - on al agi 
Patients with ACI have decreased serum 1r0" nnd 


saturation while the ferritin levels are norma yi -j 
There is an increase in free erythrocyte protopot ne fio 
or zine protophyrin (ZPP), and unlike ee phe 
decreased because transferrin is a neget'Y“ a e ie 
tant. The differential diagnosis betwee" inod +5 
anemia of inflammation can be made ¥!* sci 


dl 


Normochromic, normocytic red blood cells ina patient 
chronic inflammation (Wright's stain, x 200). 


— . ‘ 
a sTfR concentration. The sT{R is normal in patients 
with ACI because they have plenty of iron, though it is stuck 
in storage, while sTfR is elevated with IDA.2738 


; marrow, there is an adequate number of eryth- 
sors, and the M:E ratio may be increased because 
erythropoiesis. Sideroblasts are decreased, but 
ges have an increased amount of storage iron?” 
pe. In contrast, iron stores are decreased or absent 


immune Response 
n of inflammatory markers, such as C-reactive pro- 
tein (CRP), ‘can substantiate the presence of inflammation.”! 
In the future, measuring hepcidin, an acute phase reactant, 
may be usi Bi in the detection of ACI.?! 


ossible, treatment for ACI is to address the under- 
se first. In cases in which treating the underly- 
ing disease is not feasible, other options are necessary. The 
effect of on the underlying disease must be consid- 
ered. Conditions such as infection or cancer are of concern. 


f ae pitas 55 
5 7 . 
a - 3s = eae 
one 272 Increased teticuloendothelial iron ina patient with anemia 
'icinflammation (Prussian blue stain, 200). 


> 
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Iron supplementation (orally or parenteral), erythropoiesis- 
stimulating agents, or a combination of both are commonly 
used therapies. For patients with ACI associated with chronic 
infection or malignancy, supplements of iron should be 
avoided. Erythropoiesis-stimulating agents for patients with 
ACI are currently approved for use in patients with renal fail- 
ure or who are undergoing chemotherapy. The therapeutic 
effect stimulates erythropoiesis and suppresses hepcidin. 

Transfusion is only considered in an emergency when the 
patient is clinically unstable and a rapid increase in hemoglo- 
bin is needed.”” 


CRITICAL THINKING QUESTION 

7-3 Itis a given that red blood cells will be affected in anemia. 
What effect might be seen in white blood cells in anemia 
of chronic inflammation? 


Sideroblastic Anemia 


The sideroblastic anemias are a group of disorders character- 
ized by abnormal iron utilization in heme synthesis resulting 
in the accumulation of iron in erythroid cells. This results in 
a hypochromic anemia, ineffective erythropoiesis, an increase 
in serum and tissue iron, and the presence of ringed sidero- 
blasts in the bone marrow. 


Etiology 

It is a very diverse group of anemias and can be inherited or 
acquired. The inherited sideroblastic anemias include X-linked 
congenital sideroblastic anemia and autosomal recessive sid- 
eroblastic anemia. The acquired sideroblastic anemias can 
be primary or secondary (Box 7-7), Primary causes include 
myelodysplastic syndromes such as myelodysplastic syn- 
drome with ringed sideroblasts (MDS-RS) (see Chapter 20). 
The secondary sideroblastic anemias are typically the result 
of toxins (such as lead), drugs (antibiotics such as chloram- 
phenicol, hormones, or chemotherapy), copper deficiency, or 
chronic neoplastic disease.”° 


Pathophysiology 
Heme synthesis takes place in the mitochondria. The first step 
involves the condensation of glycine and succinyl-coenzyme 


BOX 7-7 Common Causes of Sideroblastic Anemia 


Inherited 
* Congenital sideroblastic anemia, sex-linked 
* Autosomal recessive sideroblastic anemia 


Acquired 

* Primary or idiopathic 

+ Myelodysplasia with ring sideroblasts (MDS-RS) 
+ Secondary 

* Lead } 
+ Alcohol - ih 
Drugs, including isoniazid and chloramphenicol 


——————————— 
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A (succinyl-CoA) by aminolevulinic acid synthase (ALAS2) 
to form aminolevuline acid (ALA) using a pyridoxal phos- 
phate as a cofactor. The hereditary sideroblastic anemias are 
rare, The most common cause of congenital sideroblastic ane- 
mia has been identified as an X-linked mutation that results 
in a defect in ALAS2. While the congenital sex-linked type 
is more common, nearly 100 mutations have been identified 
to cause autosomal recessive sideroblastic anemia. A com- 
mon subtype is in the SLC25A38 gene. The anemias typically 
appear in males within the first decades of life but may mani- 
fest in both males and females later in life. 

The ringed sideroblasts are nucleated red blood cells in 
which iron is accumulated in the mitochondria that surround 
the nucleus (Fig, 7-13). These siderotic granules are visible 
with Prussian blue stain.****“° 

Lead poisoning due to lead paint and other exposures 
remains a common concern in the development of sideroblas- 
tic anemia, especially in children. Lead poisoning impairs 
enzymes involved in several steps of heme synthesis. The 
heme enzymes inhibited are D-aminolevulinate dehydrase 
and ferrocheletase. Coarse basophilic stippling of the RBCs 
is a common feature of lead poisoning due to precipitation of 
remnant ribosomes (Fig. 7-14). 


Clinical Findings 

Signs and symptoms of sideroblastic anemia can include 
weakness, fatigue, palpitations, shortness of breath, pale skin, 
and headaches. Hepatomegaly (enlarged liver) or splenomeg- 
aly (enlarged spleen) might also occur. In addition to sidero- 
blastic anemia, cognitive impairment is also a grave concern 
with lead exposure.*’ 

Laboratory Testing and Results 


The principal clinical feature of this anemia is the charac- 
teristic ringed sideroblasts in the bone marrow aspirates”® 


(Box 7-8). 


Peripheral Blood 

The anemia is mild to severe. The red blood cells are dimor- 
phic, ranging from microcytes to normocytes, and may appear 
hypochromic (Fig. 7-15). The MCV and MCH are often 


FIGURE 7-13 Ringed sideroblast as detected by Prussian blue staining of 


a bone marrow aspirate (Prussian blue stain, * 1,000). 


FIGURE 7-14 Prominent basophilic stippling Is found with defective 
heme synthesis. 


BOX 7-8 Clinical and Morphological Features of 


Myelodyplastic Syndrome With Ringed Sideroblasts 
(MDS-RS)* 


Clinical 
« Usually older than 50 years of age 
* Weakness, pallor, fatigue associated with anemia 


Morphological 

+ Dimorphic RBC population with prominent hypochromia 

* Anisopoikilocytosis of RBCs, which may be associated with 
basophilic stippling 

* Hypercellular bone marrow with erythroid hyperplasia 

* More than 15% ringed sideroblasts 


“Single Lineage (MDS-RS-SLD) or Multiple Lineage (MOS-RS-MLO) 
Dysplasia 
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ee 
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Casi 7-15 Dimorphic population of red blood cells with 95" ag 
ypochromic component in a patient with sideroblastic ane™? 


ate anisopoikilocytosis is also present (Wright's stain, * 200) 


decreased. The RDW is increased, representing the dual 
population of red blood cells. Occasionally, macrocytosis is 
t, and differentiation needs to be made from myelodys- 
plastic syndromes that present with ringed sideroblasts, Other 
abnormalities of the red cells include anisocytosis, poikilo- 
sis, tanget cells, Pappenheimer bodies (iron deposits in 
the red cell), and basophilic stippling. The WBC and platelet 
counts are usually normal. 
ronstudies 
Jron studies show increases in serum iron and increased fer- 
ritin, and an increase in percent transferrin saturation levels.‘ 
Serum soluble transferrin receptor levels are usually normal 
or decreased because there is plenty of iron present in the red 
cells, though it is not being incorporated into the protopor- 
: Ix.’ 
The primary feature common to all sideroblastic anemias is 
the presentation of the ringed sideroblast in the bone mar- 
tow. Ineffective erythropoiesis, erythroid hyperplasia, and 
increased stainable bone marrow iron are also characteristics 
of sideroblastic anemia.*° 
In the myelodysplastic syndrome with ringed sideroblasts, 
the bone marrow is typically hypercellular with erythroid 


hyperplasia and dyserythropoiesis resulting in macrocytes 
(see Chapter 20). Iron stains reveal more than 15% ringed sid- 
eroblasts. Some patients may progress to a phase of marrow 


failure with some later displaying leukemic blasts.*° 


Treatment 
It is important to know whether the anemia is hereditary 
Or acquired. In the case of secondary sideroblastic anemia 


es 
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caused by drugs, rapid improvement can be seen with the 
discontinuation of the offending medication. Administration 
of pyridoxine (vitamin B,) has also been proven to be effec- 
tive in both acquired and inherited forms. If pyridoxine is not 
effective, transfusion is an option, but it can lead to trans- 
fusion related iron loading that may require iron chelation 
therapy.** 

The differential diagnosis comparing RBC indices and 
peripheral blood and bone marrow features of IDA, ACI, and 
sideroblastic anemia is presented in Table 7-9. 


CRITICAL THINKING QUESTION 

7-4 Basophilic stippling is a peripheral smear finding that can 
aid in the differentiation of sideroblastic anemia from the 
other microcytic/hypochromic anemias. Why is this only 
seen in sideroblastic anemia? 


The Porphyrias 

The porphyrias are a group of rare inherited disorders that 
involve a block in porphyrin synthesis that is due to a defect 
in the enzymes in the pathway of heme synthesis. Note the 
precipitated porphyrins in the red blood cell and nucleated 
RBC cytoplasm in Fig. 7-16. This causes porphyrin heme 
precursors to accumulate in tissues, and large amounts are 
excreted in urine and feces. The porphyrias are classified as 
acute or nonacute, according to their clinical presentation, and 
as erythropoietic or hepatic, depending on the site of abnormal 
metabolism. 


) Differential Diagnosis Comparing RBC Indices and Peripheral Blood and Bone Marrow Features of IDA, 
ACI, and Sideroblastic Anemia 


lron-Deficiency Anemia 
Decreased 
: Decreased 
Decreased 
Decreased 
Decreased 
Decreased 
Red cel distribution width (RDW) "Increased 
Peripheral Blood and Bone iavow Features 


Anisocytosis 


5 
tainable bone Marrow iron 


Marow Sideroblasts/ringed sideroblasts 
“In ; 
Meyer forms 


Decreased or absent 


Decreased 


Anemia of Chronic Inflammation Sideroblastic Anemia 


Decreased Decreased 


Decreased Decreased 
Decreased or normal Variable 
Normal or decreased Variable 
Usually normal or may be decreased Variable 
Usually normal or may be decreased Variable 
Usually normal or may be increased Korat increased 
No Yes* 

No Yes* 

No Yes 

Increased Increased 


Decreased Increased 


Mean COrpuscular Volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin concentration, 
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FIGURE 7-16 Erythropoietic porphyria. Note the precipitated porphyrins 
in the cytoplasm. (From Bell A. Hematology. In Listen, Look and Learn. 
Bethesda, MD: Health and Education Resources, Inc., with permission.) 


The porphyrias are associated with neurovisceral attacks, 
which include photosensitivity, motor dysfunction, sensory 
loss, mental disturbances, and sometimes abdominal pain. 
The classification and characteristics of the porphyrias are 
summarized in Table 7-10. The most common is acute inter- 
mittent porphyria characterized by colicky abdominal pain, 
vomiting, diarrhea, constipation, and central nervous system 
involvement.” 


lron Overload and Hemochromatosis 


Iron overload is defined as the accumulation of excess iron in 
reticuloendothelial cells in various tissues. Hemochromatosis 


Deficient Enzyme 


Porphobilinogen Acute 
deaminase 


Acute intermittent porphyria 


Hereditary coproporphyria Coproporphyrinogen Acute 

Ill oxidase 
" Varlegate porphyria Porphobilinogen Acute 

oxidase 

Cutaneous Hepatic porphyria Uroporphyrinogen Chronic 
decarboxylase 

ALA dehydratase deficiency ALA dehydratase Acute 

porphyria J ‘ p 

Congenital erythropoietic Uroporphyrinogen til Chronic 

porphyria cosynthetase 

Erythropoletic protoporphyria — Heme synthetase Chronic 


ALA =aminolevulinic acid; E = erythroid; H = hepatic. 


TABLE 7-10 Classification and Characteristics of the Porphyrias 


_ -— 


describes a clinical disorder that results in — 
resulting from excess iron. In this disorder of a damay, 
there is an inappropriate increase in intestinal iron ia 
that leads to excess iron in the tissues. OrPting 


Etiology 

Iron overload may be primary (inherited) or secondary jp 
chronic anemias and their treatment. The excess iron jg the 
in the liver, heart, and pancreas, and damages these oat 
The different types of hemochromatosis are Summarize i | 
Box 7-9. 


Hereditary Hemochromatosis 

Hereditary hemochromatosis (HH) is a recessive genet 
disorder and is one of the most frequent genetic diseases jy 
North America, typically found in those with Northem Eur. 
pean ancestry, affecting approximately | in 300 people. Prey. 
alence is especially high in Ireland, United Kingdom, Franc, 
and Denmark.**** 


Secondary Hemochromatosis 

Secondary hemochromatosis can be acquired or secondary 
other inherited hemolytic anemias. The common character 
istics of secondary hemochromatosis are anemia, ineffective 
erythropoiesis, and iron overload, Signaling molecules assoc: 
ated with these disorders decrease hepcidin regulation of fem- 
portin.*? Secondary hemochromatosis in these patients is als 
due to the fact that they have received repeated transfusions 
This leads to increased iron storage because there is no me 
anism for iron excretion. Phlebotomy is not appropriate 
individuals exhibiting ineffective erythropoiesis. Iron overloal 
from transfusion therapy is treated with chelation therapy.” 


African lron Overload 

A distinct iron-loading disorder is prevalent in perso™ é | 
sub-Saharan African descent, affecting up to 10% of m8 
rural populations. These individuals have 4 predisposiie 
to iron overload as a result of excessive dietary iron it : | 


Inheritance Erythroid/Hepatic _ Symptoms 


Autosomal dominant H Neurloa 
pinwnnieiaiscetesencieh ical 
Autosomal dominant H Newolor e 
photosensit¥S 
eee ee al 
Autosomal dominant H Neuolod we 
Photosenstt 
Variable H photosensitt® 
a ae. T, ical 
Autosomal recessive E Neuen 
SE tive 
Autosomal recessive E photon 
bile itive 
Autosomal dominant E ee 


Classification of Hemochromatosis 


x} r 
Hereditary Hemochromatosis 
a Classical hemochromatosis type 1 


juvenile type 2 
srrin receptor type 3 


_. Enzyme-deficiency anemia 


bla 
' pin hel 


oe 


not due to blood loss in which multiple transfusions 
ired 


particularly related to a traditional African beer containing 
iron leached from the drums used in brewing. However, not 
everyone develops iron overload.” African iron overload is 
not due to mutations of the HFE gene but is associated with 
mutations in the SLC40A1 gene. This gene is responsible 
for the production of ferroportin. It is thought that these 
mutations may account for the iron overload found in some 
individuals.*” 

A summary and comparison of iron studies in the micro- 
cytic hypochromic anemias and hemochromatosis are pro- 
vided in Table 7-11. 


Pathophysiology 

The disease is caused by excessive absorption of iron due to 
a hepeidin deficiency and a gradual accumulation of iron in 
the tissues, which leads to chronic liver disease, arthritis, dia- 
betes, pituitary damage, congestive cardiac failure, and car- 
diac arrhythmias (Fig. 7-17). Hyperpigmentation, described 
45 bronze skin,” may be an early symptom as melanin pro- 
duction in the skin is stimulated by iron deposits. Patients 
with HH absorb two to three times as much dietary iron as 
normal individuals, Most cases of hereditary hemochroma- 
‘0sis involve ineffective or diminished hepcidin regulation 


Serum 


Summary and Comparison of Iron Studies in Microcytic-Hypochromic Anemias and Hemochromatosis 


Serum TIBC Saturation 


CHAPTER 7 Iron Metabolism and Hypochromic Anemias 161 


hs aXe 
FIGURE 7-17 Liver biopsy from a patient with Idiopathic hemochroma- 


tosis and cirrhosis. Note the excess deposits of iron (Ferric ferricyanide 
stain). 


of ferroportin, resulting in excessive absorption of iron with 
adequate iron stores.** 


> ADVANCED CONTENT 


There are four types of hereditary hemochromatosis. Type | 
is the most common and caused by mutations in the HFE 
gene. More than 100 mutations in the HFE gene have been 
shown to cause type 1 hemochromatosis. One such muta- 
| tion is a single-base change that results in the substitution 
of tyrosine for cysteine at position 282 of the HFE protein 
(C282Y). The C282Y mutation alters the conformation of 
the HFE protein and interferes with its function of regula- 
tion of iron absorption.'”*? Two other HFE mutations, 


_ H63D and S65C, have been described in combination with 


C282Y and can be tested for. Neither alone typically has 
a pathological effect in the heterozygous or homozygous 


| state. There are other mutations not associated with the HFE 


gene. Type 2 is caused by mutations of the hemojuvelin gene 
(HJV) or hepatic antimicrobial protein gene (HAMP). Type 
3 is caused by mutations in the transferrin receptor 2 gene 
(TfR2), Types 1 to 3 result in a hepcidin deficiency, Type 4 
is caused by a mutation in the ferroportin 1 gene (FPN 1) that 
results in resistance to the action of hepeidin.” 


Transferrin — Transferrin 


Absent 


N/l 


Ringed sideroblast 
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Clinical Findings 

Signs and symptoms of HH usually occur in midlife. The most 
common complaint is joint pain. Chronic arthritis of the sec- 
ond and third metacarpophalangeal joints is highly sugges- 
tive of the disease. Early symptoms are usually nonspecific. 
They may include fatigue, arthralgia, bronze discoloration of 
the skin, and erectile dysfunction. As the disease progresses, 
hepatomegaly develops, which leads to cirrhosis and fibrosis 
of the liver. Iron deposit in the heart tissue causes cardiomy- 
opathy. Other complications are diabetes mellitus, hypopitu- 
itarism, hypogonadism, and hypoparathyroidism.*? 


Laboratory Testing and Results 
Although iron metabolism is abnormal, erythropoiesis is 
normal, and hematologic abnormalities are usually not seen. 
Other laboratory abnormalities include increased liver func- 
tion enzyme tests, particularly alanine and aspartate amino- 
transaminases (ALT, AST). 

In patients with HH, serum iron, serum ferritin, and 
serum transferrin levels are increased. Serum ferritin levels 


SUMMARY CHART 


e The majority of the total body iron is present as hemo- 
globin iron affecting RBC capacity to carry oxygen. 

e Ferrous iron (Fe**) is easily absorbed into the entero- 
cytes (intestinal mucosa cells) via Divalent Metal 
Transporter! (DMT1). 

e Ferritin is the primary storage compound for iron. 
Hemosiderin is another storage form of iron. 

e Transferrin is a globulin protein responsible for trans- 
porting iron within the bloodstream. 

e Ferrous iron combines with protoporphyrin IX via 
ferrochelatase in the mitochondria of the red blood cell 
to form heme. 

e Ninety percent of tissue iron is present as storage iron 
in the form of ferritin or hemosiderin. 

e Serum ferritin levels are an indirect measure of iron 
stores in the body. 

e The transferrin receptor is a tool for the assessment of 
iron. The sTfR level is inversely proportional to the 
amount of iron in the body. 

e Iron deficiency occurs when there is inadequate iron 
intake, excess iron loss, or increased need for iron. 

e Increased iron consumption states include growth spurts, 
menstruation, pregnancy, lactation, and iron deficiency. 

e Iron deficiency anemia (IDA) presents as a hypochro- 
mic and microcytic anemia with an increased RDW. 

e Iron studies for patients with IDA include a decreased 
serum iron, serum ferritin and percent transferrin sat- 
uration, and increased TIBC and increased transferrin 
receptor. 

e Anemia of chronic inflammation (ACI) results from 
iron being trapped in the macrophages resulting from 


e Iron studies of patients with anemia of chronic inflam- 


a 


>200 ng/mL and transferrin saturation >45% jp , 

and ferritin >300 ng/mL and transferrin saturation 3500 
males suggest HH. Diagnosis can be confirmed oe in 
analysis of the common HFE gene mutations.” egy 


Treatment 

The goal of treatment of iron storage disease is to remoye 
excess amount of iron from the body. Patients who have 
toms of HH require therapeutic phlebotomy. Initial removal 
500 mL of blood once or twice a week is performed unt] 

is a marked decrease in serum transferrin percent Saturation 
and serum ferritin. The goal is to have the serum ferritin pa 
than 50 ng/mL Once this is achieved, phlebotomy frequen, 
is reduced to two to four times per year. Patients with seven 
anemia or congestive heart failure may not tolerate phleb. 
omy. In the event that therapeutic phlebotomy is not appropri. | 
ate, one of three FDA-approved chelating agents may be use 
to reduce iron stores.”*? 


increased acute phase reactant hepcidin, hemolysis, 
and ineffective levels of EPO. 


mation include decreased iron, normal to decreased 
iron binding, decreased percent transferrin saturation, 
increased ferritin, and a normal TR level. 


e Bone marrow evaluation of anemia of chronic inflam- 
mation reveals increased storage iron and decreased 
sideroblastic iron, 


e Sideroblastic anemias are disorders of heme synthesis 
and may be inherited or acquired. | 


e Lead poisoning impairs enzymes D-aminolevulinate de- 
hydrase and ferrocheletase involved in heme synthesis. 

e Sideroblastic anemia presents with the “ringed sideroblast” 
due to iron being blocked from incorporation to form 
heme. It can be demonstrated with a Prussian blue stain. 


e Iron studies of patients with sideroblstic anemia in- 
clude increased iron, normal to decreased iron binding, 
increased percent transferrin saturation, increased 
ferritin, and a normal TfR level. 


¢ Porphyrias are a group of rare (usually hereditary) 
diseases that result in errors in heme synthesis. 


¢ Hereditary hemochromatosis is an inherited iron OV 
load disorder, 


¢ Inhereditary hemochromatosis, serum iron, serum fem™ 


and serum transferrin saturation levels are all inc 


e Secondary hemochromatosis can be acquired oF “ 
7 “ aed I 
secondary to other hereditary hemolytic anemias- It 
most commonly caused by repeated transfusions: 


—_ sed 
¢ The most common HFE gene mutation found in het 


itary hemochromatosis is C282Y. 


a" 


A 76-year-old male presented to his physician feeling 
exceedingly tired with a loss of energy. He has a his- 
tory of arthritis that has been treated with nonsteroidal 
anti-inflammatory drugs (NSAIDs). He became concerned 
when he started having abdominal cramps and noted black 
stools. On physical exam he appeared pale with a rapid 
pulse. The CBC results were as follows: 
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2. What additional tests may be useful in confirming the 


diagnosis? 

a. Measurement of serum iron, ferritin, TIBC, and 
transferrin saturation 

b. Hemoglobin electrophoresis 

c. Reticulocyte count 

d. Indirect bilirubin 


. With the following results, what is the most likely 


weCc 10.8 X 10°/L cause of this anemia? 
RBC 3.02 X 10"/L * Serum Iron — Low 
HGB 6.8 g/dl * TIBC — High 
HT 22.1% * % Transferrin Saturation — Low 
MCV 73.21 ¢ Ferritin— Low 
cH 22.5 pg a. Anemia of chronic inflammation due to arthritis 
at — b. Sideroblastic anemia 
PLT 172 X 107. c. Hemolytic anemia 
ania d. Iron deficiency anemia due to GI bleed 
’ Per smear showed moderate anisocytosis, micro- _ ANSWERS 
ytes, and hypochromasia. Tata 
; any 2.a 
s 3d 
9 of the following disorders is LEAST likely to 
cause this anemia? 
a er ctitary hemochromatosis 
. Lead poisoning 


‘e. Iron deficiency anemia 
4. Sideroblastic anemia 


A 3-year-old girl presented in the emergency department 

th a 2-day history of abdominal pain and constipation. 
Patient had no significant past medical history, Her general 
Physical examination was unremarkable. CBC results were 
as follows: 


WBC 14.5 X 10°/L 
RBC 4.01 X 10"/L 
HGB 9,7 g/dl 
HCT 30.9 % 

MCV TA fl 

MCH 24.2 pq 
MCHC 31.4 g/dl 
ROW 15.5% 

PUT 279 X 10°%/L 


Peripheral smear showed a dimorphic population with 


mic cells, moderate course basophilic 


Baits and a rare nucleated RBC. 


ce. Anemia of chronic inflammation 
d. Thalassemia 


. If serum iron studies were performed on this patient, 


they would reveal: 

a, Decreased serum iron, decreased ferritin, and 
decreased percent transferrin saturation 

b, Decreased serum iron, increased ferritin, and 
decreased percent transferrin saturation 

c. Increased serum iron, increased ferritin, and 
increased percent transferrin saturation 

d. Increased serum iron, normal ferritin, and normal 
percent transferrin saturation 


. What other laboratory test may be helpful in confirm- 


ing the cause of this anemia? 
a. Copper level 

b, EPO activity 

c. Lead level 

d, Vitamin B.. level 


ANSWERS 
? ree lb 
ae ‘clinical disorder do you suspect? 2a. 
t ! eee rtency anemia 3 © 
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A 56-year-old diabetic man visited his physician because 
he was experiencing fatigue, joint stiffness, and noticed 
increased pigmentation on his arms and legs. On physical 
exam it was noted that he has a cardiac arrhythmia and 
hepatomegaly. 

Laboratory results of the CBC are as follows: 


Wec 5.9 X 10% 
RBC 4.97 X 10%/L 
HGB 15.2 g/dL 
HCT 46.2% 

MCV 93.0fL 

MCH 30.6p9 
MCHC 32.9 g/dL 
RDW 15.7% 

PLT 336 X 107L 


Liver enzymes were elevated. 


QUESTIONS 
1. What is the most likely cause of this patient’s disorder? 
a. Iron deficiency anemia 
b. Anemia of chronic inflammation 
c. Acquired sideroblastic anemia 
d. Hereditary hemochromatosis 
2. Serum iron studies would be helpful to diagnosis this 
patient. What do you expect the serum iron studies in 
this patient to reveal? 
a. Increased serum iron, increased serum ferritin, and 
increased percent transferrin saturation 
b. Decreased serum iron, normal serum ferritin, and 
decreased percent transferrin saturation 
c. Decreased serum iron, decreased serum ferritin, and 
decreased percent transferrin saturation 
d. Increased serum iron, decreased serum ferritin, and 
increased percent transferrin saturation 


CASE STUDY 7-4 


A 42-year-old woman presented to her physician with pain 
in both of her wrists and in the proximal joints of both of her 
hands. She had also recently begun experiencing right knee 
pain. Her laboratory results revealed the following: 


WBC 10.0 X 10°/L 

Hgb: 8.5 g/dl 

Het: 25% 

MCV: 90 fL 

RDW: 12.5% (normal 11% 14%) 

Erythrocyte sedimentation rate (ESR): 100 mm/h (normal 0-10 mm/h) 


Rheumatoid factor: Positive 


3, There have been numerous genetic mutations describeq 


to cause hereditary hemochromatosis. What is the mos, 
common mutation in hereditary hemochromatosis? 


a. C282Y 
b. SLC40A1 
c. TIRI 

d, FPN1 


4. What is the appropriate therapy or treatment for this 


disorder? 

a. Blood transfusion 
b. Chelation therapy 
c. Phlebotomy 

d. Iron supplements 


ANSWERS 
d 


1. 

ena 
3. a 
4. c¢ 


QUESTIONS 

1. What is the patient’s diagnosis? 

2. What could cause the increase in ESR? 
3. Why was the patient anemic? 


ANSWERS 


1. Anemia of chronic inflammation 
2. The increased inflammation associated 
of RA 
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8. A common feature of sideroblastic anemia is which of 
the following? 
a. Ringed sideroblasts 
b. Decreased iron 
c. Decreased ferritin 
d. Macrocytes 


9. Why are zinc protoporphyrin (ZPP) levels elevated in 
IDA, ACI, and sideroblastic anemias? 
a. Hepcidin is a negative acute phase reactant 
b. Iron is not incorporated into protoporphyrin [X 
c. Hemochromatosis results in an accumulation 
of iron 
d. Lack of intrinsic factor impairs iron absorption 


10. Prussian blue staining identifies: 
a. Basophilic stippling 

b. Heinz bodies 

c. Siderotic granules 


d. Reticulocytes 


11. Lead poisoning 
a. Inhibits absorption of dietary iron 
b. Inhibits nuclear maturation of red blood cells 
c. Activates hepcidin production 
d. Inhibits the ability of ferrochelatase to catalyze the 
insertion of iron into the protoporphyrin IX 


12. A disorder that results from the deficiency of an 
enzyme needed for protoporphyrin LX production is: 
a. Porphyria 
b. Hemochromatosis 
c. Iron deficiency 
d. Aplastic anemia 


13 


The most common cause of secondary hemochroma- 
tosis 1s: 

a. Drugs 

b. Diet 

c. Repeated blood transfusions 

d. Malabsorption 


See answers at the back of this book. 


2020 May 28}. Iron Fact Sheet for Health 
Professionals [about 12 screens} Available 
from URL: https://ods.od.nih.gow/ 
factsheets/lron-HealthProfessional/ 


ing and body iron homeostasis. Blood, 
20193133(1):18-29. 


‘ miology. dJ 9. Angeli A, Lainé F, Lavenu A, Ri 

am. :2019(1): update on iron physiology. Worl e 3 ; OR 
gran 2019;2019(1) Gacicanteral 2009; 15(37):4617-26. Lacut K, Gissot V, et al. Joint model 
thuler MP, Ryser HJ. 7. National Institutes of Health (Internet). of iron and hepeidin during the cd 


menstrual cycle in healthy women, 
AAPS J. 2016;18(2):490-504. 


165 


CHAPTER 8 


Megaloblastic Anemias and Other 
Macrocytic Anemias 


Patricia Boyer, MSHS, MLS(ASCP)“™ 


CHAPTER OUTLINE 


Eitiology: Biochemical Aspects 


Clinical Manifestations Anemia 


Hematologic Features 
Ineffective Hematopoiesis 
Bone Marrow Morphology 
Peripheral Blood Morphology 


Etiology: B,, and Folic Acid 
Deficiency 
Vitamin B,, Deficiency 
Folic Acid Deficiency 


Treatment 


Anemias 


At the end of this chapter, the learner should be able to: 


8-1 Define megaloblastic anemia. 


8-2 List the common clinical signs and symptoms of 
megaloblastic anemia. 

Compare and contrast the morphological characteris- 
tics of megaloblasts and normoblasts. 

Describe the bone marrow morphology of megaloblastic 
anemia. 

Distinguish the peripheral blood morphology of 
megaloblastic anemia from normal morphology, 

List key facts about the absorption and metabolism of 
vitamin B,, and folic acid. 

Outline the causes of vitamin B,, and folic acid 
deficiencies. 


8-3 


8-6 


8-7 


his chapter discusses megaloblastic anemias that share 
some common morphological characteristics. The bio- 
chemical aspects of megaloblastic anemia along with clini- 
cal symptoms, laboratory findings, and treatment options are 
presented. Also covered are nonmegaloblastic anemias that 
exhibit similarities and are often confused with megaloblastic 


anemia upon diagnosis. 


Etiology: Biochemical Aspects 
Megaloblastic anemia is a subgroup of macrocytic ane- 
mia characterized by defective nuclear maturation caused 
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Laboratory Diagnosis of Megaloblastic 


Laboratory Tests for the Diagnosis of 
Vitamin B,, and Folic Acid Deficiencies 


Therapy for Vitamin B,, Deficiency 
Therapy for Folic Acid Deficiency 
Response to Therapy 


Macrocytic Nonmegaloblastic 


Vitamin-Independent Megaloblastic 
Changes 

Inherited 

Acquired 

Drug and Toxin Induced 
Summary Chart 

Case Study 8-1 

Case Study 8-2 

Case Study 8-3 
Review Questions 
References 


8-8 Compare and contrast pernicious anemia with the 
other types of vitamin B,, deficiency, including 
their pathophysiology and clinical and laboratory 
findings. 

Determine which individuals are at risk for mega- 
loblastic anemia. 


Given laboratory tests results for assessing mega 
loblastic anemia, predict a differential diagnosis of 
megaloblastic anemia. 

8-11 
deficiency and those with folic acid deficiency. 


List other causes of macrocytic nonmegaloblastic 
anemias, 


8-12 


by impaired deoxyribonucleic acid (DNA) synthess 
impairment of DNA synthesis results in an imbalan¢ 
maturation between the nucleus and cellular cy 
rapidly dividing hematopoietic precursors. This ®* 
the formation of abnormally large red blood cell pret 
(megaloblasts) with maturation arrest and early 4 5 
or apoptosis.'* This defect is manifested by the preset 
megaloblasts in the bone marrow and macrooval0¢ yi 


than normal, with giant metamyelocytes as a st! 


De 
An abnormal nuclear pattern in megakaryocytes ms) 
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of 
toplasi® 9 


LEARNING OBJECTIVES 


Compare treatment options for patients with vitamin 8,, 


peripheral blood. The granulocyte precursors tend 10 rat 
king F) 
» Sv 


PP 


The megaloblastic changes are not limited 
oietic cells; changes are also present in other 
ly proliferating cells, such as skin, vaginal, 
and buccal cells. 
s that give rise to megaloblastic changes are 
crease of the availability of the four immediate 
f DNA.’ There is marked reduction in intracel- 
ne tetrahydrofolate, which is required to 
<yuridine monophosphate (dUMP) to deoxy- 
phosphate (dTMP). This reaction is mediated 
ynthase and is essential to maintain the nor- 
nthesis (Fig. 8—1).* 
es of lack of thymidine and consequently 
nthesis are vitamin B,, and folic acid 
vitamins, in the form of cofactors, play 
n some key reactions involved in DNA syn- 
on. drugs that interfere with the metabolism 
also cause DNA impairment. This impaired 
fragmentation of the nucleus and, ultimately, 
nmature cells. 


lifestations 


‘manifestations are common to all patients with 
jas regardless of the cause. The degree of 
d to severe, with the symptoms of weak- 
tness of breath, and lightheadedness. Con- 
ilure may or may not be present, depending on 
emia. In severe anemia, the patient may have 
<in tint because of mild jaundice and pallor. 
bin is reported in patients as a result of intra- 
lemolysis caused by ineffective erythropoiesis.” 


hematologic features of megaloblastic anemia 
tive hematopoiesis, bone marrow morphology, 
lood morphology. 


emolysis. The mean corpuscular volume (MCV) 
100 femtoliters (f1.). Patients with megaloblas- 


d erythrocyte precursors in the bone marrow 
Ted cell release into the peripheral blood are 
ective erythropoiesis, which is supported by 


dine synthesis pathway from uridine nucleotide. 
dine diphosphate; dUTP - deoxyuridine trip ° 
midine diphosphate; dTTP = deoxythymi 
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Megaloblastic erythrocyte progenitors have a much shorter 
life span than normal erythrocyte progenitors. They are more 
fragile and, therefore, die prematurely in the marrow. Evi- 
dence of intramedullary hemolysis includes decreased hap- 
toglobin, increased levels of serum bilirubin, serum lactate 
dehydrogenase (LD, in particular, LD-1 and LD-2 isomers), 
and increased serum iron.*” Cell death occurs primarily at the 
later stages of the megaloblast maturation (i.e., basophilic and 
polychromatophilic stages), causing a decrease in produc- 
tion and release of mature erythrocytes. A decreased level of 
erythrocytes in the circulation stimulates EPO release, which 
in turn stimulates production of red cell progenitors.* 
Ineffective granulopoiesis is defined by increased bone mar- 
row white blood cell precursors and failure to release mature 
forms into the peripheral blood. The giant metamyelocytes do 
not mature to circulating neutrophils but, rather, die prematurely 
in the bone marrow. Ineffective thrombopoiesis is manifested 
by the presence of increased abnormal megakaryocytes in the 
bone marrow and thrombocytopenia in the peripheral blood. 


Bone Marrow Morphology 
Patients with megaloblastic anemia have a hypercellular bone 
marrow. The myeloid-to-erythroid (M:E) ratio is decreased 
(Fig. 8-2) and may be as low as 1:1 to 1:3. The degree of 
increased cellularity (megaloblastic picture) depends on the 
severity of the anemia. Megaloblasts are large cells with 
increased RNA per DNA unit. Their nuclear chromatin 
appears loose and less mature than the nuclear chromatin of 
the normal red cells at the same stage of maturation (Fig. 8-3). 
The cytoplasm maturation is, however, normal. This phenom- 
enon is referred to as nuclear to cytoplasm asynchrony. The 
mature megaloblastic red cells entering the circulation usually 
have a shorter life span than normal, mature red cells. 
Megaloblastic changes are manifested in white cell pre- 
cursors by the presence of large bands (see Fig. 8-28) and 
giant metamyelocytes in the bone marrow. The nucleus of 
the giant bands may show abnormal staining characteristics. 
These white cell abnormalities can sometimes be misdiag- 
nosed for myelodysplastic syndrome due to nuclear asyn- 
chrony or sometimes even acute leukemia due to increased 
proerythroblasts.” Megakaryocytes are also affected in severe 
megaloblastic anemia, They may have abnormal nuclear or 
cytoplasm morphology, such as increased nuclear lobulation 
and hypogranulation."° 


Peripheral Blood Morphology 

Megaloblastic anemia is a macrocytic, normochromic anemia. 
Depending on the degree of anemia, the MCV may range from. 
100 to 160 fL. The mean corpuscular hemoglobin (MCH) is 


Thymidylate 
synthase 
| CH, THF —— - 
Uracil is incorporated into DNA in the absence of thymine. UDP - uridine diphos- 


hosphate; dUMP ~— deoxyuridine monophosphate; dTMP — deoxythymidine m 
dine triphosphate: CH, THF ~ methylene tetrahydrofolate. 
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vitamin B,, is low and the storage rate is high, it takes several 


years for a person to develop vitamin B,, deficiency because 
of malabsorption, 


renner at ee ee a oe nee a 
D> ADVANCED CONTENT 


Structure 

Vitamin B,, (cobalamin) is a large, water-soluble mol- 
ecule, It consists of a corrin nucleus composed of four 
pyrrole rings (A to D) with a cobalt atom at the center 
(Fig. 8-8), similar to the porphyrin structure. The corrin 
ring is attached to the nucleotide 5,6-dimethylbenzimid- 
azole. The cobalt atom can be attached to several different 
molecules, such as adenosyl (5-deoxyadenoside), methyl, 
cyanide, and hydroxy, to form the biologically active 
forms of cobalamins (see Fig. 8-8). 


en 


R: 
Adenosyl 
Methyl 
Cyanide 
Hydroxy 


Cobamide 


5,6-Dimethyl- 
benziminazole 


| FIGURE 8-8 Structure of vitamin B,, (cobalamin). When R is adenosyl, the 

‘compound is adenosylcobalamin (AdoCb); when R is methyl, it is methyl- 
cobalamin (MeCb); when R Is cyanide, it is cyanocobalamin (CNCb); and 

| when R is hydroxy, it is hydroxocobalamin (OHCb). 

; 
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Transport and Metabolism 
Vitamin B,, is released from food and bound to haptocor- 
rin (HC) from salivary glands to begin the process of active 
absorption. As this occurs, gastric parietal cells produce 
hydrochloric acid and intrinsic factor (IF) to prepare the 
stomach and intestine for absorbing this important vitamin. In 
the stomach, the salivary HC protects the B,, molecule from 
acid degradation, but once it makes it to the duodenum, the 
protein is partially degraded by pancreatic trypsin to prepare 
for transfer to IF, which is even more resistant to proteolysis.'* 
From here, two important proteins are involved in the 
transport of vitamin B,, from the duodenum to the ileum and 
from the ileum to tissues: the intrinsic factor (IF) and transeo- 
balamin. IF is secreted by parietal cells of the stomach. IF 


7 


: 


binds to vitamin B,, and forms B,,-IF complex, which ain 
vitamin B,, to be absorbed through the receptors Piss | 
the brush borders of the ileum (the distal half of th. “a | 
intestine) (Fig. 8-9). The B,,-IF complex is taken ia 
enterocytes, where B,, is released while the IF is destroyeg cs 
IF is essential for the absorption of B,, taken orally a Oh 
ological dosages.” 


ADVANCED CONTENT 


Three carrier proteins provide the mechanisms for 
tion, transport, and cellular uptake of vitamin B. : hapts. 
-_corrin (formerly transcobalamin I), gastric intrinsic factog 
(IF), and transcobalamin (formerly transcobalamin tn) 
The B,,-IF receptor in the ileum progressively increases 
until the maximum number of receptors ends near the te. 
minal ileum. When vitamin B,, leaves the ileum and enjes 
the portal vein for plasma transport, it attaches to haptoce. 
tin (HC) and transcobalamin (TC). Ninety percent of newly 
absorbed B,, is bound to TC, which rapidly delivers th 
vitamin to the liver, hematopoietic cells, and other divi¢ 
ing cells (see Fig. 8-9). Some B,, binds to HC, which has 
the greatest affinity for B,,; this prevents its loss from the 
plasma. B,, bound to HC is a passive reservoir in equilit- 
rium with body stores in the liver but not taken up by other 
cells of the body. After initial absorption, 70% to 80% of B. 
is bound to HC while 10% to 30% is bound to TC." TC 
is synthesized by ileal cells, endothelial cells, liver, spleen, 
heart, and macrophages, and is secreted into the plasma’ 
TC-bound B,,, also known as_holotranscobalamis 
(holoTC), is the biologically available fraction, whereas 
HC-bound B,, is not available to cells outside the livec* 
Deficiency of TC causes megaloblastic anemia; yet lack of 
HC is not accompanied by anemia or megaloblastosis bu! 
Shows decrease of B,, levels.‘ 


5 
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Tc 


FIGURE 8-9 Transportation path of vitamin B,,, from the diet‘ sg 
tissues. IF ~ intrinsic factor; TC ~ transcobalamin. 


ee _ 


B,, plays an important role in two key reactions 
dy. First, it is necessary in the synthesis of methi- 
n homocysteine. In this biochemical reaction, both 
olic acid are involved. Vitamin B,, acts as a 
obalamin (MeCb), for the enzyme meth- 
-10). Second, vitamin B,, is important in 
malonyl CoA, a Krebs cycle intermedi- 
In this reaction, vitamin B,, also acts 
osylcobalamin (AdoCb), for the enzyme 
mutase. Adenosylcobalamin acts as a 
r, taking the H from methylmalonyl CoA 
(Fig. 8-11).'° 


B,, Deficiency 
Deficiency 
n B,, deficiency is uncommon in Western 
‘ited to strict vegetarians and vegans. In 
e in vitamin B,, is accompanied by an 
te level. 
that children born to a vegan mother 
; no animal food) or to a mother who has 
B,, deficiency are vitamin B,, defi- 
are breastfed.'’’ Untreated infants are 
with retarded growth and psychomotor 
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development. Neurological complications, such as irritability, 
anorexia, and failure to thrive, have been reported in severely 
vitamin B,,-deficient infants.'*'* 


Malabsorption/Pernicious Anemia 

The major cause of vitamin B,, deficiency is malabsorption. The 
most common form of intestinal malabsorption is pernicious ane- 
mia. Other causes of vitamin B,, deficiency are discussed later. 

Pernicious anemia is the most common cause of vitamin B,, 
deficiency; it accounts for 20% to 50% of the vitamin B,, defi- 
ciency in adults.*® It is a chronic disease caused by the defi- 
ciency of IF. The cause for a decrease in IF is gastric parietal 
cell atrophy, which is associated with a concomitant decrease 
in other gastric juices. Lack of IF leads to defective vitamin B,, 
absorption and, consequently, megaloblastic anemia. 

In the past, pernicious anemia was thought to primarily affect 
people of Scandinavian, English, and Irish descent, with a prev- 
alence in women; however, more recent studies have shown 
that the distribution is much wider. It is likely that the disease 
occurs in all races but with varying prevalence according to 
genetic differences as well as different awareness and diagno- 
sis of the disease.'* Pernicious anemia is more common after 
age 60.’ In blacks, the disease may start earlier.”'* Pernicious 
anemia occurs rarely in children, and, if it occurs, it may be in 
the congenital form. Congenital IF deficiency is characterized 
by the total absence of IF and normal secretion of other gastric 
juices. There are no antibodies present against IF or the parietal 
cells.* Juvenile pernicious anemia is similar to adult pernicious 
anemia, with the age of onset in the second decade.”* 

The main cause of pernicious anemia is atrophic gastritis 
characterized by atrophy of the gastric mucosa with a decrease 
of gastric secretions and IF. The cause of gastric atrophy is 
probably autoimmune, with poorly defined genetic predis- 
position.’ IF is essential for absorption of vitamin B,,. In the 
absence of IF, only a small amount of vitamin B,, is absorbed, 
causing a gradual deficiency in vitamin B,,. 


Genetic Factors 

The congenital form of pernicious anemia is inherited as an 
autosomal-recessive trait and is primarily seen in children 
before age two.”'° The predisposition to developing pernicious 
anemia likely has a genetic basis, though neither the mode of 
inheritance nor the initiating events or primary mechanism is 
precisely understood. The genetic contribution is supported by: 


1, Positive family history for about 30% of patients, among 
whom the risk for familial pernicious anemia is 20 times 
higher than the general population. 

. About 20% of siblings of patients are projected to develop 
pernicious anemia. 

3. Pernicious anemia has developed concordantly in identi- 
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ne i io 
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FIGURE 8-11 Conversion of 


Succinyl CoA to succinyl CoA. AdoCo ~ adenos 
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Immunological Factors 

The serum of patients with pernicious anemia contains auto- 
antibodies to parietal cells, IF, and thyroid tissue. The pari- 
etal cell antibodies are found in the serum of approximately 
80% to 90% of all patients with pernicious anemia. This 
antibody is specific for the parietal cells, but it is not specific 
to gastritis or pernicious anemia,”"!® 

Antibodies to IF are demonstrated in the serum of approxi- 
mately 50% to 70% of patients with pernicious anemia. These 
antibodies are more specific for diagnosis of pernicious ane- 
mia than antiparietal antibodies. Two types of IF antibodies 
have been reported. Type I, or blocking antibody, attaches 
to the cobalamin-binding site of IF and is found more often. 
Type Il, or binding antibody, is detected as a complex with 
IF.’ Thyroid antibodies have often been found in the serum of 
patients with pernicious anemia or their relatives,7-!8 

An association between pernicious anemia and other auto- 
immune diseases, such as thyroid disease, diabetes mellitus, 
and rheumatoid arthritis, has also been noted.’ The positive 
response to steroids in some patients with pernicious anemia 
supports the autoimmune mechanism.’ 

The Helicobacter pylori microorganism has been identi- 
fied as a major cause of gastritis and peptic ulcers. This micro- 
organism induces autoantibodies against the gastric proton 
pump H +, K +-ATPase in 20% to 30% of infected patients. 
These antibodies are associated with gastritis, increased atro- 
phy, and apoptosis in the corpus mucosa. One current theory is 
that, in this way, H. pylori may initiate atrophic body gastritis 
and pernicious anemia through molecular mimicry.'* 


Clinical Manifestations of Vitamin B,, Deficiency 

The onset of pernicious anemia is generally insidious. Patients 
with pernicious anemia and other vitamin B., deficiencies have 
all the signs and symptoms of megaloblastic anemia mentioned 
earlier. Fever is usually present in severe anemia. Loss of appe- 
tite is a common complaint. Glossitis (sore tongue) is reported 
in 50% of patients.’ Although the initial presentations may vary 
among patients with vitamin B,, deficiency, the classic symp- 
toms include weakness, glossitis, and paresthesias.’ 

The bone marrow morphology of patients with vitamin B,, 
deficiency is megaloblastic, and the peripheral smear contains 
macroovalocytes. In addition to hematologic abnormalities, 
vitamin B,, deficiency is associated with gastrointestinal, 
thrombotic, psychiatric, and neurological complications. 


Neurological Manifestations : “ 
Neurological problems are more common in pernicious ane- 
mia than in other types of vitamin B,, deficiencies, The degree 
of neurological involvement is not directly related to the 
degree of anemia. Neurological manifestations can be Present 
even in the absence of anemia or macrocytosis; one estimate 
is that 20% of patients with neurological signs of B,, defi- 
ciency do not present with anemia.'*" 

The neurological abnormalities may be mild, moderate, or 
severe, and may involve degeneration of peripheral nerves, 
posterior columns of the spinal cord, and posterior and lateral 
columns of the spinal cord (Fig. 8-12). Because multiple neu- 
ropathies are involved, the terms subacute combined degen- 
eration (SCD) and combined system disease may be used." 


Cobalamin deficiency of the nervous system 


Movement disorders 

in infants and children 
FIGURE 8-12 Neurological manifestations in pernicious anemia. 
(Adapted from Stabler SP. Megaloblastic anemias. in: Goldman, L Sos 


Al, editors. Goldman-Cecil Medicine, 26th ed. Philadelphia: Elsevier 22 
p. 1069-1077.63) 
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paces Care practitioners often encounter subtle bo 
_ from a patient’s baseline neurological, cognitive, o I 
vitamin B,, deficiency are symmetric paresthesi2s 
hess and gait problems.'? The patient often expen 
Symmetric tingling or “pins-and-needle” sensations * - 
toes and later in all four limbs. Less often, the pes 
complain of numbness. At the later stage, the poem 
nal columns may be involved. At this stage, the peace 
‘complain of clumsiness and have an incoordinst eS 
lateral spinal columns become involved in the ™* a 
Stage of illness, with manifestations of severe weak 
Stiffhess of limbs, impairment of memory, 294 cee | 
Severe psychiatric Symptoms are less commos oe | 
Stupor, hallucinations, paranoia, and severe oo " ed 
referred to as - 


stent of neurological recovery is 


take some time. Reversal of neurological symptoms usu- 
ally occurs between 6 weeks and 3 months.'? In untreated 
ients, the neurological symptoms are progressive, and 
the degree of severity is directly proportional to the duration 
‘of symptoms.’ Similarly, the full reversal of neurological 
symptoms with vitamin B,, treatment is inversely related to 
f duration of symptoms before therapy and the extent of the 
srigin: al dysfunction and delay in treatment.”!” Still, some 
jegree ree of dysfunction may remain. Residual deficits persist 
- jn 6% of patients.”""” 
“The basic underlying cause for the neuropathy associ- 
"ated with vitamin B,, deficiency is not exactly known. How- 
ever, the impairment of methionine synthetase reaction has 
I ee indicated as the possible cause for the neuropathy. The 
rationale for this hypothesis is that the deficiency of methi- 
" > leads to decreased production of S-adenosyl methi- 
(SAM), a key intermediate in methylation reactions of 
n. The impairment of methylation in myelin could result 
iyelination and, consequently, in clinical neuropathy.”* 


Other Causes of Vitamin B., Deficiency 

Other causes of vitamin B,, deficiency include gastrectomy, 
blind loop syndrome, fish tapeworm, diseases of the ileum, 
chroni¢ pancreatic disease, other disorders, and drug-induced 
vitamin deficiency (Table 8-2). 


Gastrectomy 

Many other causes of malabsorption can lead to vitamin B,, 
deficiency (see Table 8-2). Gastric resection for any cause as 
well as gastric bypass surgery for morbid obesity can lead to 
multiple nutritional deficiencies. In a gastrectomy procedure, 
the IF-producing cells are removed. In the absence of vitamin B,, 
therapy, Vitamin B,, deficiency develops in these patients 
within several years. Vitamin B,, deficiency has been reported 
in 15% to 30% of patients with partial gastrectomy.” 


8-2 Causes of Vitamin B,, Deficiency 


Strict vegan diet 


Pernicious anemia 

Gastrectomy (total or partial) 

Blind loop syndrome 

Fish tapeworm (Diphyllobothrium latum) 
Diseases of ileum 

Chronic pancreatic disease 


ie oy te Te Oe 


Hemodialysis 


Human immunodeficiency virus (HIV) 
infection 


Acquired immunodeficiency syndrome (AIDS) 
Alcohol 
Nitrous oxide (N,O) 


Para-aminosalicylic acid (PAS) 
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Blind Loop Syndrome In blind loop syndrome, an anatomic 
abnormality of the small intestine, there is an overgrowth with 
bacteria that thrive on vitamin B,,.? These microorganisms 
take up the vitamin B,, and make it unavailable for absorption 
by the ileum. Antibiotic therapy reverses the malabsorption 
and normalizes the vitamin B,, level.*” 


Fish Tapeworm The classic parasitic cause of vitamin B,, 
deficiency is due to the fish tapeworm (Diphyllobothrium 
latum). This parasite competes for vitamin B,, by splitting B,, 
from IF. The malabsorption type of vitamin B,, deficiency is 
normally corrected when vitamin B,, or B,, and IF are given 
to the patients,?” 


Diseases of Ileum Since the ileum is the site of B,,-IF com- 
plex absorption, vitamin B,, deficiency can also be seen in 
diseases of the ileum. These can include ileal resection or 
bypass and gastrointestinal malabsorption due to inflamma- 
tory bowel disease, tropical sprue, and celiac disease,’ The 
frequency of B,, malabsorption and deficiency in these states 
varies and often depends on the extent of ileal involvement.’ 


Chronic Pancreatic Disease In pancreatic disease, vitamin B,, 
deficiency develops as a result of a decrease in the proteases 
necessary for digestion of vitamin B,,-binding protein hap- 
tocorrin and subsequent transfer of B,, to IF for absorption.* 
Also a gastrinoma, a gastrin-secreting tumor in the pancreas 
found in Zollinger-Ellison syndrome, causes decreased uptake 
of B,,-IF complex due to the large quantity of acid preventing 
the binding of B,, to IF.2” 


Other Disorders Vitamin B,, deficiency has also been 
reported in patients who are on hemodialysis and in patients 
with human immunodeficiency virus (HIV) infection and 
acquired immunodeficiency syndrome (AIDS).7 


Drug-Induced Vitamin Deficiency Other causes of vitamin B, 
deficiency are drugs such as alcohol, anesthetics, nitrous oxide 
(N,O), and the antituberculosis drug para-aminosalicylic acid 
(PAS).7?9 


Folic Acid Deficiency 

Key information concerning folic acid deficiency as an etiol- 
ogy of megaloblastic anemia include sources and requirements, 
structure, absorption and metabolism, causes of deficiency, 
and clinical manifestations of deficiency. 


Sources and Requirements 

Folic acid, also known as folate or pteroylglutamic acid, is a 
water-soluble vitamin present in a variety of foods. The high- 
est concentration is present in green leafy vegetables, fruits, 
dairy products, cereals, and also in animal foods such as liver 
and kidney. The average daily diet contains about 200 to 
500 meg of folate.*! Unlike vitamin B.,, folate is not resistant 
to heat, and prolonged cooking of food in large quantities of 
water destroys folate.**’ The recommended dietary intake of 
folic acid for adults is approximately 50 to 100 meg/day,»142 
This requirement increases significantly during infaney, preg- 
nancy, and lactation, Folate deficiency during early pregnancy 
(first trimester) can cause neural tube defects in the fetus and 
is associated with paralysis and brain damage,2>1%16 The body 
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storage is about 10 to 20 mg,‘ of which most is stored in 


the liver. Folic acid is absorbed through the duodenum and : peru folate, ape the form of CH,THF and Enters aij 
jejunum, and the amount absorbed is about 60% of intake,” tissue cells in this form. 

Folate is lost via body secretions such as bile, urine, and Absorption and Metabolism 

sweat. Folic acid has a higher turnover time and a higher rate Dietary folic acid is in the form of polyglutamic acid (man 
of loss compared with vitamin B,, and, therefore, it takes only glutamic acid residues). Once in the intestinal lumen, jt is 
a few months to develop dietary folate deficiency. acted on by the enzyme folate deconjugase, which is Present 


in the epithelial cells of intestine, to form monoglutamic acid 

(single glutamic acid residue) (Figs. 8-14 and 8-15), Mono- 

> ADVANCED CONTENT glutamic acid is then reduced and methylated to CH, THR» 
Structure When CH,THF is absorbed from the circulation into the tis: 
sue cells, it transfers its methyl group to homocysteine tg 
form methionine and THF. The THF formed Teconjugates 
with additional glutamic acid residues to form cellular THF 
(see Figs. 8-13 and 8-14). The THF is then methylated tg 
form coenzyme methylene THF (N°N'"CH,THF) Necessary 


Folic acid consists of three components: pteridine, para- 
aminobenzoic acid, and glutamic acid (Fig. 8-13). Folic 
acid derived from the diet is not biologically active. Once 
absorbed through the intestinal lumen, it is hydrolyzed, 
reduced, and methylated to form methyl tetrahydrofolate 


(CH,THF). Other biologically active forms of folic acid are for the formation of thymidine monophosphate from uridine 
eirahydrofolat (THF) and its coenzyme, N°,N'°-methylene monophosphate. This is the key reaction for DNA synthesis 
tetrahydrofolate (N°N'°CH,THF). (see Fig. 8-10). 
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FIGURE 8-13 Structure of folic acid and its derivative. A. Folic acid (pteroylglutamic acid). The thr. 
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absorption of the folate derivatives of food. 
of dietary folates is a two-step process that 
of folate polyglutamates to the corresponding 
85, followed by their transport into intestinal 
estinal absorption of the folate derivatives of 


05, with permission.) 


id Deficiency 
deficiency include dietary deficiency, mal- 
induced folate deficiency (Table 8-3). 


| The main cause of folic acid deficiency is 
‘intake. Nutritional folate deficiency is usually 
poverty, old age, alcoholism, pregnancy, and 
In the United States, folic acid has been added 
S, rice, and milled flour to increase the average 
(100 meg.’ The U.S. government urges women 
me pregnant and in early pregnancy to eat a 
d or take vitamin supplements to prevent the 
Of folic acid deficiency on their fetus. 


The most common causes of folate malab- 
Opical sprue and gluten-sensitive enteropathy. 
is an infection that causes intestinal atrophy 
hifestations of weakness, weight loss, and 
ical sprue affects the entire intestine and, 
IS a wide variety of nutritional deficiencies, 
aa B, deficiency.’ Affected individuals respond 
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reductase 


Polyglutamic acid ——» Polyglutamate Te CH3 THF ————> CH; THF 


Homocysteine THF Methionine 
Glu 


THF 


\bsorption and metabolism of folic acid. CH, THF ~ methyl tetrahydrofolate; Glu - glutamic acid; THF — tetrahydrofolate. 


TABLE 8-3 Causes of Folic Acid Deficiency 


Category Cause 


Dietary Deficiency * Poverty 
* Oldage 
Alcoholism 
Chronic diseases 
Malabsorption 
Tropical sprue 
Gluten-sensitive enteropathy 


Childhood celiac disease 
Pregnancy 

Infancy 
Malignancy 

Drugs 
Methotrexate 
Pyrimethamine 
Phenytoin 

Alcohol 

Isoniazid 

Oral contraceptives 
Others 


Increased Requirement 


Gluten-sensitive enteropathy has the same clinical mani- 
festations as those mentioned for tropical sprue. It includes 
both nontropical sprue and childhood celiac disease. Affected 
individuals cannot digest gluten, a protein found in wheat and 
other grains. Lesions are most severe in the proximal intes- 
tine. Childhood celiac disease is a malabsorption syndrome 
resulting in anemia caused by iron deficiency and, to a lesser 
degree, vitamin B,, and folate deficiencies. 

The requirement for folic acid also increases during rapid 
cellular proliferation in hematologic diseases such as sickle 
cell anemia, thalassemia, hereditary spherocytosis, and auto- 
immune hemolytic anemia. 


Drug-induced Folate Deficiency Drug-induced folate 
deficient megaloblastic anemia has been reported with a Vari- 
ety of drugs such as methotrexate, pyrimethamine, 

alcohol, isoniazid, and oral contraceptives" (see Table 8-3). 


7 
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Clinical Manifestations of Folic Acid Deficiency 
Clinical manifestations of folate deficiency are the same as 
those for vitamin B,, deficiency, mentioned earlier. The onset 
of anemia is insidious, with the distinct morphology charac- 
teristic of megaloblastic anemia in the bone marrow and the 
peripheral blood. Although neuropathy is mainly character- 
istic of vitamin B,, deficiency, several cases of neurological 
abnormalities, such as depression, dementia, and peripheral 
neuropathy associated with folic acid deficiency, have been 
reported.'*> Some of these neuropathies, in particular, depres- 
sion, have responded favorably to treatment with folate.'°* 
Folates are essential for one-carbon units transfer actions, 
which are important for: (1) the synthesis of purine and thy- 
midine precursors of nucleic acids, (2) the metabolism of 
some amino acids, and (3) the synthesis of s-adenosylmethi- 
onie (SAM).” Folic acid and vitamin B,, are both necessary 
cofactors of the enzyme methionine synthase, which converts 
homocysteine to methionine. The deficiency of these vitamins 
causes an increased level of plasma homocysteine. Hyperho- 
mocysteinemia is a risk factor for thrombosis.'° 


CRITICAL THINKING QUESTION 

8-2 Why does folic acid deficiency develop more quickly than 
vitamin B,, deficiency, and why is it more likely to be 
caused by a lack of dietary intake? 


Laboratory Diagnosis of Megaloblastic 


Anemia 
Several important factors in differential diagnosis of mega- 
loblastic anemias are the patient’s physical examination, med- 
ical history, drug history, family history, and laboratory tests. 
The most common laboratory screening tests and results 
that are used in the diagnosis of megaloblastic anemias are 
low hemoglobin level, elevated MCY, and peripheral smear 
morphology, such as macroovalocytes and hypersegmented 
neutrophils. Once the diagnosis of megaloblastic anemia is 
established, the exact cause of the anemia should be deter- 
mined for appropriate and effective treatment. 


Laboratory Tests for the Diagnosis of Vitamin B,, 
and Folic Acid Deficiencies 

The most specific diagnostic tests used for vitamin B,, and 
folate deficiencies are serum B,, and serum and red cell 
folate levels (Table 8-4). Since serum folate levels fluctuate 
with dietary intake, red cell folate is a better indicator of 
tissue folate levels. Serum cobalamin is usually measured via 
chemiluminescence-based competitive-binding assays, which 
are normally automated.!37*19* Serum folate may be mea- 
sured by microbiological assays, radioassay, via an enzyme- 
linked immunosorbence assay (ELISA) or most commonly a 
chemiluminescent immunoassay.4?°?” 

It is worth noting that, to date, there is no standard algo- 
rithm for investigation of vitamin B,, deficiency. Different 
laboratories choose different algorithms based on an individ- 
ual patient, availability of the procedure, and the cost. 


Serum B,, (Serum Cobalamin) Level 

The normal range for serum vitamin B,, is commonly stateg = 
200 to 400 ng/L. In vitamin B,, deficiency, the level is Usually 
less than 200 ng/L greater than 95% of the time."* The more 
severe the vitamin B,, deficiency, the lower serum B,, level 
becomes.) Low levels of serum B,, in the absence of vitamin g 

deficiency have been reported in patients who are pregnant, 
using oral contraceptives, or have folate or HC deficiency’ 
Serum B,, level may be normal in B, , deficiency resulting from 
N,O, TC deficiency, patients with inborn errors of B., metab. 
olism, and in patients with both folate and B,, deficiencies 
Elevated serum B,, is associated with myeloproliferative disor. 
ders, chronic myelocytic leukemia, and liver disease.’ Because 
serum B,, level may be falsely low or normal, metabolic tests 
such as methylmalonic acid (MMA) and total homocysteine 
assays can be performed. The levels of these metabolites are 
increased before serum B,, level is decreased.*~* 

One thing that laboratorians and physicians need to be 
aware of with the chemiluminescent immunoassays used for 
vitamin B,, detection is that there is the potential for spun- 
ously normal or elevated levels when these assays are tested 
against serum from patients with pernicious anemia.'*" The 
false-negative results in these cases are attributed to the in 
vitro binding of anti-IF antibodies in the patient’s serum to the 
IF found in the manufacturer’s reagent.'® Most commercial 
assays have mitigated this problem from earlier versions of 
these assays, but if B,, results are not concordant with the clin- 
ical presentation, this could be the cause for the discrepancy. 


Serum and Red Cell Folate 

Serum and red cell folate are decreased in patients with folate 
deficiency. The normal range for serum folate levels vay 
depending on the methodology used; one published rang 
is 5 to 16 ng/mL,‘ while an ELISA published normal rang 5 
2 to 15 ng/mL. The minimal folate level for normal DNAS* 
thesis is about 4 ng/mL.'* Serum folate is sensitive to diel” 
folate intake. False low serum folate levels have been 

in folate-binding protein (FBP) assays due to the different affin- 
ities that various folate forms have for FBP, and some dns 
may cross-react with FBPs in an assay resulting in falsely 1o¥ 
values. Red cell folate is a valuable test reflecting wher’ 
body folate stored. It is less affected by recent diet than is he 
serum assay. In normal adults, the red cell folate concentrate 
ranges from 160 to 640 meg/L of packed red cells.’ In patet® 
with a severe B,, deficiency, the serum folate level is inc 
While the red cell folate level is decreased. In this Ori 
increased serum folate level is caused by increased CH, 
in the serum (the methyl trap hypothesis), resulting wer . 
lack of vitamin B,, necessary for conversion of hom 

to methionine and methyl-THF to THF (see Fig. 8-10) 


Other Laboratory Tests Kes 
The diagnosis of vitamin B,, deficiency may > ee 
and inconclusive in the absence of hematologi¢ and 0 
logical abnormalities. Many studies have show? bs. 
patients with vitamin B deficiency may seek medic 
because of complications other than the classic#! ee 
of megaloblastic anemia. Examples of these comp 


e 


ica 


,, neuropathy, vascular disorders, infer- 
ical and mental growth retardations in 
2 er However, these conditions have 
ith early vitamin B,, treatment. Vitamin By 
ald. be included in the differential diagnosis 
1 neurological and neuropsychiatric prob- 
ent vitamin B,,-associated complications, 
pts have been made at early diagnosis of 
late deficiencies. 

ry tests that may support a diagnosis of vita- 
dies to IF, blood test for gastric atrophy, 
binding proteins, the CobaSorb test, and 
id (MMA) and total homocysteine assays. 
y tests are useful when the other laboratory 
usive. Macrocytic anemia due to vitamin B,, 
sficiency should be distinguished from mac- 
in patients with myelodysplastic syndrome, 
and those exposed to chemotherapeutic 


ies 

present in the serum of about 40% to 60% 
icious anemia.’* Although the IF antibody 
nsitive test, its specificity for the diagnosis of 
is 95%.’ Decreased serum B,, and the pres- 
dy to IF are indicative of pecucious anemia. 

body is present in 80% to 90% of patients 
nemia; however, its diagnostic value for per- 
limited because this antibody is specific for 


nicious anemia. Achlorhydria after hista- 
ion supports the diagnosis of pernicious anemia. 
is not specific, because achlorhydria has 


oratory Evaluation for the Diagnosis 
Anemia 


Complete blood count 
WBC differential/RBC morphology 
Reticulocyte index 

Serum lactate dehydrogenase (LD) 
Iron studies 

Bone marrow aspirate 
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Serum B,, level 
Gastric autoantibodies 

Blood test for gastric atrophy 

Serum cobalamin binding proteins 
Serum and urine methylmalonic acid 
Total homocysteine 
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Serum and red cell folate levels 
Serum homocysteine 


CobaSorb 
Index of B,, deficiency 
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also been reported in patients without pernicious anemia. 
Serum gastrin levels are increased in 80% to 90% of patients 
with pernicious anemia, reflecting gastric achlorhydria. How- 
ever, elevated gastrin levels have many other causes such 
as atrophic gastritis without pernicious anemia and food- 
cobalamin malabsorption, which makes this test unreliable for 
pernicious anemia.’ The best test for pernicious anemia is to 
measure IF content in stimulated gastric juice, but this test is 
not widely available.” 


Serum Cobalamin Binding Proteins 

Transcobalamin is the major protein carrier of vitamin B,,. 
Cobalamin-TC complex (holoTC) is the metabolically active 
form of the vitamin, and the level in plasma is a sensitive mea- 
sure of early vitamin B,, deficiency.**”” The normal level of 
holoTC is greater than 50 pmol/L, but it has a large window of 
indeterminate levels; the reference values greatly depend on 
the assay method used.**”? When vitamin B,, intake is inade- 
quate and B,, storage is depleted, the holoTC level falls below 
40 pg/mL.” However, the correlation between holoTC level 
and depletion of vitamin B,, storage is not yet fully proven, 
and holoTC levels have not been shown to correlate with total 
serum vitamin B,,. The method is also not approved for use in 
the United States, and additional research is needed to under- 
stand the mechanisms that control holoTC homeostasis in the 
normal population and in pathologies that alter vitamin B,, 
transport and utilization.'>?4 


Investigation of Absorption of B,, - Cobasorb 

It is important to determine whether the ability to absorb 
the vitamin is normal in patients who are B,, deficient and 
IF antibody negative.” Previously, this was performed using 
the Schilling Test—a test based on oral administration of 
radioactively labeled B,,. The Schilling Test fell out of favor 
due to the exposure to radioactivity, the difficulty in per- 
forming the test, and the high-test cost. A nonisotopic B,, 
absorption test using holoTC levels and recombinant IF 
has subsequently been developed, though use in the United 
States is limited due to the lack of FDA-cleared holoTC 
assays on the market. 


> a ADVANCED CONTENT 


The CobaSorb test for B,, malabsorption is a qualitative 
assay based on the analysis of cyanocobalamin carried as 
| holoTC in serum before and after oral intake of the vita- 
| min.'’ HoloTC concentrations and TC saturation produce a 
higher increase than serum B,, after oral administration of 
' three high physiological doses (9 mcg) of B, > Three 9 meg 
doses of B,, are given orally at 6-hour intervals, and serum 
holoTC is measured 24 hours after the last dose is given. In 
| patients with inherited malabsorption of B,, or with IF defi- 
ciency, there are no changes in holoTC levels after the B,, 
load, whereas in controls there are increases in holoTC 
levels defined as a rise in holoTC of >15% and >15 pmol/L 
above baseline measurement.'*” The CobaSorb test is use- 
ful in detection of B,, malabsorption as well as determining 


' 


180 PART2 Anemias 


y whether patients will respond to low-dose B,, supplements 
_ or require treatment with pharmacological doses, However, 
it measures only relative absorption and does not provide a 
quantitative estimate of bioavailability," 


Serum and Urine Methylmalonic Acid 

Serum and urine MMA levels are both elevated in patients with 
vitamin B,, deficiency but not folate deficiency. MMA results 
from accumulation of methylmalonyl Co-A. Vitamin B,, 
in the form of adenosylcobalamin is necessary for conversion 
of methylmalonyl CoA to succinyl CoA (see Fig. 8-11). In 
the absence of vitamin B,,, the level of methylmalonyl CoA is 
increased in the serum and consequently in the urine. Falsely 
elevated results have been reported in non—vitamin-deficient 
patients with renal disease, inborn errors of metabolism, and 
bacterial infection.’ 

It is widely acknowledged that there is no single best bio- 
marker for the diagnosis of B,, deficiency,?>”!5??*° and it 
is also agreed that there is no real gold standard laboratory 
marker of vitamin B,, status.*'**° However, measurement of 
serum and urinary MMA is a reliable indicator of tissue vita- 
min B,, deficiency in the absence of decreased serum B,, and 
lack of clinical manifestations of megaloblastic anemia.*>””? 

Normal individuals excrete 0 to 3.4 mg MMA per day. In 
patients with B,, deficiency, MMA excretion is usually ele- 
vated.° The sensitivity of a serum MMA value higher than 
400 nmol/L is about 98% for clinical vitamin B,, deficiency, 
but specificity for clinical abnormalities is much less due to 
reasons previously discussed.' The normal range for serum 
MMA is 60 to 360 ng/mL.*! This level increases to 2 to 


Diagnostic testing for suspected vitamin B12 or folate deficiency 


* Mild pancytopenia 
¢ Hypersegmented neutrophils 


One or both levels deficient 


MMA increased; 
homocysteine increased 


Vitamin B12 
deficiency confirmed! 


Vitamin B12 and/or = 
folate deficiency confirmed 


FIGURE 8-16 Algorithm for diagnostic testing for suspected vitamin B,, or folate deficient 
festations and diagnosis of vitamin B,, and folate deficiency. UpToDate [Internet]. Wolters kK 


Suspected vitamin B12 or folate deficiency based on one or more of the following: 
* Underlying condition or diet associated with deficiency 
* Macrocytic anemia with low reticulocyte count 


¢ Unexplained neuropsychiatric abnormalities 


Measure serum vitamin B12 and folate levels* 


One or both levels borderline 


Measure MMA and homocysteine 


MMA normal; 
homocysteine increased 


deficiency confirmed? 


—~ 


100 times the upper limit of normal in patients wit 
min B,, deficiency. However, serum MMA assay j 
plex, expensive, and not available in most routine 
laboratories due to the common methodology being 
chromatography tandem mass spectrometry.’ 
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Serum Homocysteine 

Serum homocysteine (Hcy) levels are elevated in Patients 
with both vitamin B,, and folate deficiencies, because bot 
vitamins are necessary in the conversion of homocysteine i 
methionine. Serum homocysteine is also increased in short. 
term folate-restricted diet and in patients with congenity 
homocystinuria and vitamin B, inhibitor.’2527 
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“Index of B,, Deficiency 
Due to the importance of timely diagnosis and treatment 
of B,, deficiency, there have been several studies per. 
_ formed to try to improve the diagnostic accuracy of the 
available laboratory assays used for diagnosis of B., defi 
ciency. There has been a trend to combine the use of two 
_ or more of the biomarkers into a combined indicator of B., 
_ status,? and one new approach described by Fedosov and 
- colleagues uses all four biomarkers—B ,,, holoTC, MMA, 
~and Hecy—combined to determine and index of B,, defi 
‘ciency (4cB12).*° Due to the high cost of performing al 
- four tests, the current recommendation for investigation of 
B,, deficiency remains a stratified, step-wise, or algorith- 
mic approach (see Fig. 8-16). 
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Both levels normal | 


MMA normal; 
homocysteine normal 
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js rarely required in patients with megaloblas- 
less the anemia is severe and symptomatic or 
with congestive heart failure. In these cases, 


py. Cyanocobalamin and hydroxocobalamin are 
therapeutic forms of vitamin B,,. Hydroxocobalamin 
red by some physicians because it has a longer half- 
jocobalamin is less expensive and converts to the 
slogical form. 

‘\V B,, is injected intramuscularly or subcutaneously. 
Although the treatment protocol varies, the initial dose admin- 
istered to saturate the body storage. Vitamin B,, may 
ven as 100 to 1.000 mcg/day for 2 weeks, then weekly until 
ic values are normalized, and then monthly for life.* 
therapy can be monitored by reticulocyte counts. 


is pre 


B,, can also be administered orally to patients with 
min deficiency or to those who cannot tolerate 


pernicious anemia, about 1% of the oral dose 
* Therefore, high doses of oral vitamin (1,000 
meg/day) are sufficient to replace the parenteral 
e efficiency of the treatment should be checked 


=m, 


herapy for Folic Acid Deficiency 
isi ) Sar therapeutic dose to treat folate deficiency 
sige mg/day for 2 to 3 weeks,*” Folic acid vitamin is water 
and 18 given orally, Lifelong therapy is not required 
: itis usually possible to treat folate deficiency within 
vitamin of time.*!* Folic acid may be given along with 
tc tial wenn both vitamins are deficient or in a therapeu- 
kno en the exact cause of megaloblastic anemia is not 
l0gIc abno, this case, folate therapy will correct the hemato- 
Sal manj malities in vitamin B,, patients, but the neurologi- 
Folj stations will progress. 

© acid given . Beers. 

‘ ds 48 prophylaxis (0.25 to 0.5 mg/day) is rec 
4 Patients uring pregnancy and dialysis and may be required 
‘Ntifolate With hemolytic anemia and in patients who are on 

F dry 


Patients Sahn, Folic acid can be injected to hospitalized 

Theil gt® Therapy 

the ret ie POSitive response to therapy is an increase in 

Meteases 3 “a Count, The number of circulatory reticulocytes 
5 days after therapy, with a peak at about 4 to 


Se who cannot take the medication by mouth. 
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10 days.’ The megaloblastic morphology of the bone marrow 
disappears within 24 to 48 hours after therapy. The hematocrit 
Tises in about 5 to 7 days after therapy, reaching normal levels 
in 4 to 8 weeks. Giant metamyelocytes and hypersegmented 
neutrophils disappear within 2 weeks. The entire therapeutic 
Tesponse process may take only 3 to 6 weeks, depending on the 
severity of the disease.” 


Macrocytic Nonmegaloblastic Anemias 


Macrocytic anemias may be megaloblastic or nonmegaloblas- 
tic. Differentiation between the two is important. In macro- 
cytic, normoblastic anemias, the MCV is more than 100 fL 
but not as high as in megaloblastic anemias (where the MCV 
is more than 110 fL). The red cells on the peripheral blood 
smear appear large and round but not oval. The neutrophils 
are not hypersegmented. The bone marrow is normocellular 
or hypercellular with erythroid hyperplasia. The red cell pre- 
cursors in the marrow are normoblastic and not megaloblastic. 
The mechanism responsible for the macrocytic morphology 
may be associated with an increase in both red cell membrane 
cholesterol and phospholipid. Increased lipid deposition onto 
the red cell membrane and altered maturation time of the red 
cell precursors are among the possible causes.** 

The most common causes of macrocytic anemia are chronic 
liver disease and alcoholism. In 40% to 96% of alcoholics, 
macrocytosis is present in the absence of anemia, and in this 
case, alcohol has a direct toxic effect on the red cells rather 
than causing folate deficiency. The finding of macrocytosis 
is a valuable screening test for early detection of alcoholism.’ 
Liver function tests such as serum LD and bilirubin are help- 
ful in the diagnosis. 

Macrocytic anemia with an elevated reticulocyte count is 
associated with hemolytic anemia or acute blood loss. Mac- 
rocytic anemia may also be associated with aplastic anemia, 
chronic myeloproliferative disorders, and sideroblastic ane- 
mia. In sideroblastic anemia, a dimorphic red cell population 
may be observed. Bone marrow examination is often required 
for differential diagnosis (see Table 8-4), 

Macrocytosis has also been reported in patients taking 
immunosuppressive drugs as well as arsenic and chlordane 
intoxification, Causes of macrocytic nonmegaloblastic ane- 
mia are summarized in Box 8=1. 


BOX 8-1 Causes of Macrocytic Nonmegaloblastic 


Anemias 


Chronic liver disease 

Alcoholism 

+ Acute hemorrhage 

+ Hypothyroidism 

Hematologic disorders 

Hemolytic anemia 

+ Aplastic anemia 

Chronic myeloproliferative disorders 
+ Immunosuppressive drugs 

« Arsenic and chlordane intoxication 
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> ADV, disorder of purine metabolism. Megaloblastic chan 
| ANCED CONTENT also noted in inherited dihydrofolate Teductase defi, 
8 4 : i cy, 
Vitamin-Independent Megaloblastic | a disorder of folate metabolism and methyl tetrahyia 
Changes late transferase. Inherited disorders of transcobalamin dee | 
ae ciency or abnormal transcobalamin molecule and Bas i 
Vitamin-independent megaloblastic changes occur in @ yp deficiency are associated with megaloblastic ‘cea 
group of disorders characterized by the presence of mega- | congenital dyserythropoiesis, the megaloblastic changes. h 
loblastic changes in the bone marrow and in the peripheral ji nited only to erythrocyte precursors of the bone “aa 
blood that are refractory to vitamin B,, and folic acid treat- ' and red cells in the peripheral smear. White blood Cells ang 
ments. The megaloblastic changes in this group of patients ' platelets are normal. Hereditary juvenile megaloblastic an. 
may occur because of an inherited or acquired predisposi- ' iia is caused by intestinal malabsorption of eee 
| ton, or they may be drug induced (Table 8-5). | Grasbeck syndrome (IGS) is associated with total absence 
| Inherited | of vitamin B,, absorption that is not corrected by the admip. 
| Orotic aciduria is a rare inherited disorder of pyrimidine ' istration of IF" There are other inherited disorders that ar 
metabolism characterized by increased excretion of orotic | associated with methylmalonic aciduria, homocystinuriz 
| | acid in the urine. Lesch-Nyhan syndrome is an X-linked or both. In these disorders, pancytopenia is present with 
_ without megaloblastic pictures.’ 
' 5 
TABLE 8-5 Vitamin-Independent Megaloblastic | Acquired — 
Pome Megaloblastic changes may be secondary to hemate 
' logic disorders such as myelodysplastic syndromes ani 
Type Examples erythroleukemia. Megaloblastic anemia may also be asso- 
paCroticnddura _ ciated with a variety of drugs and toxic material.” 
* Lesch-Nyhan syndrome | Drug and Toxin Induced 
phesrotolae reece selicenyy | Awide variety of drugs with differing modes of action at 
ey oe Meta ICRE ECE: associated with megaloblastic anemia. Examples of thes 
Transcobalamin deficiency drugs ere: methotrexate, hydroxyurea, and anes 
Abnormal cobalamin molecule i They are inhibitors of dihydrofolate reductase, prevent 
Congenital IF deficiency dihydrofolate to tetrahydrofolate reaction. This inhibitict 
. Methylmalonic aciduria results in decreased thymidine biosynthesis and DNA mi 


Acquired 


Drug-induced 


Toxic Materials 


Erythroleukemia 


Homocystinuria 
Congenital dyserythropoiesis 
Grasbeck syndrome 


Myelodysplastic syndrome 


Folate antagonist (methotrexate) 
Purine or pyrimidine antagonists 
(6-mercaptopurine, cytosine arabi- 
noside, and hydroxyurea) 

Nitrous oxide 

Azidothymidine (AZT) 

Others 


Arsenic 
Chlordane 
Others 


ration. Drugs such as 6-mercaptopurine, cytosine arabin0® 


_ and hydroxyurea interfere with purine or pyrimidine metab 


_ olism. Nitrous oxide (N,O), an anesthetic gas, inactivale 
_ vitamin B,,.°?'4'S Azidothymidine (AZT) is associated wit 


; ‘ . 0) 
megaloblastic changes. Exposure to toxic materials ca” 
cause megaloblastic anemia. 


CRITICAL THINKING QUESTION ; 

8-3 Whyis it important to differentiate between a vitam™ 
deficient diet, a process involving malabsorption. 
other causes of anemia when evaluating a patient 
who presents with a macrocytic and/or megaloblas 
anemia? 


tic 


SUMMARY CHART 


tic anemia is a macrocytic anemia char- 
defective nuclear maturation caused by 
of DNA synthesis. 


estations that are often associated with 
leficiency are anemia, fever, glossitis, and 
nptoms. 


estations associated with folic acid de- 
ilar to those in vitamin B,, deficiency, 
hies not being the prominent features. 


anemia is associated with ineffective 
is, ineffective granulopoiesis, and ineffec- 
O Dp oiesis. 

ow of patients with megaloblastic ane- 
ellular with a low M:E ratio (1:1 to 1:3) 
mber of abnormal megaloblasts, as well 
anulocyte and platelet precursor cells. 
blood is characterized by pancytopenia, 
acroovalocytes, and hypersegmented 


Ilo 


ows vitamin B,, to be absorbed through 


t in the ileum. 


lism of folic acid. 


es of megaloblastic anemias are vitamin 
’, folic acid deficiency, or both. 

se of vitamin B,, deficiency is pernicious 
essive autoimmune disorder affecting 
ctor’s ability to absorb B,, in the intestine. 


f vitamin B,, deficiency are dietary mal- 
ondary to diseases and drugs. 

use of folic acid deficiency is a poor diet; 
f folic acid deficiency are malabsorption, 


5 A 50-year-old woman visited her phy- 
I issienced weakness, fatigue, and 

r the past few months. 

/EDICAL HISTORY: Her family his- 

il history were unremarkable. The 

alanced diet and is not a vegetarian 
ant or breastfeeding. 
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° The main difference between pernicious anemia and 
other malabsorption-related causes for vitamin B,, 
deficiency is the presence of autoantibodies to parietal 
cells, IF, and thyroid tissue in the serum of patients 
with pernicious anemia. 


e Pregnant women, lactating women, growing children, 
and the elderly are all at risk for vitamin B,, and folic 
acid deficiency. 


e Vegetarians and vegans and infants being breastfed by 
a vegan or B,,-deficient mother are at particular risk 
for vitamin B,, deficiency. 


e Individuals that suffer from poverty, alcoholism, or 
chronic disease are more likely to experience folic acid 
deficiency. 


e Laboratory tests used for the differential diagnosis of 
vitamin B,, and folate deficiencies are serum B,., and 
serum and fed cell folate. 


e Other laboratory tests that may be useful are gastric 
achlorhydria, antibodies to intrinsic factor, and serum 
and urine methylmalonic acid, serum and urine homo- 
cysteine. 


¢ Most people with a vitamin B,, deficiency require 
lifelong vitamin therapy. 


e Lifelong therapy is not required for folic acid deficien- 
cy because it is usually possible to treat within a short 
period of time. 


e Vitamin-independent megaloblastic changes occur in 
a group of disorders characterized by the presence of 
megaloblastic changes in the bone marrow and in the 
peripheral blood that are refractory to vitamin B,, and 
folic acid treatments. 


e The most common causes of macrocytic nonmega- 
loblastic anemia are liver disease and alcoholism. 


MEDICATION HISTORY: The patient was not taking any 
medications. 
PHYSICAL EXAMINATION FINDINGS: Physical — 
tion revealed a tall, slender woman with “lemon- ellov 
skin” and a smooth, red tongue. No galy 
was noted. She had experienced a loss of vibratory s nse 
and had some problems with gait coordination. _ 
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CASE STUDY 8-1—cont’d 


LABORATORY RESULTS: 
Laboratory Test Result Reference Ranges 
CBC 

RBC 2.2 X 10%/pL 4.1-5.1 X 109 pb 

Hb 8.5 g/dL 12.3-15.3 g/dL 

Het 25% 36-45% 

MCV 114fL 87-98 fL 

MCH 38,6 pg 27-35 pg 

MCHC 34% 32-36% 

PLT 170 X 10°/L 150-450 X 10*/L 

WBC 74 X 10/1 4.4-11 X 10?/b 

Neutrophils 67% segmented 60%™-70% 

neutrophils (5% 
hypersegmented) 

Lymphocytes 25% 20%-30% 

Monocytes 5% 5%—-10% 

Eosinophils 3% 0%-5% 

RBC Morphology Macrocytic with few 
macroovalocytes and 
few schistocytes. 
RBC inclusions: few 
Howell—Jolly bodies. 

Reticulocyte Count 0.2% (N: 0.5 to 2%) 

Chemistry Test 

Bilirubin 4.0 mg/dL 0.2-1.2 mg/dL 

Indirect bilirubin 2.9 mg/dL 0.2-0.8 mg/dL 

Serum iron 220 mcg/dL 50-170 mcg/dL 

LD 720 U/L 100-250 U/L 

TIBC 215 mcg/dL 250-450 mcg/dL 

Serum B12 50 pg/mL 100-700 pg/mL 

Red cell folate 200 ng/mL 140-628 ng/mL 

QUESTIONS 
1. Based on the CBC results, would you describe this 


2. 


patient as anemic? 

After reviewing differential and chemistry findings and 
taking into account her physical findings, which type of 
anemia is likely present in this patient? 

What does the decreased reticulocyte count in this 
patient represent? 

What are the most common causes of this type of 
anemia? 

Based on this patient’s laboratory findings, which cause 
is likely the reason for her diagnosis? 


_ What test(s) could be ordered as follow-up to distin- 


guish this patient’s specific cause for her diagnosis? 


ANSWERS 


iL 


Yes. The CBC revealed a low RBC count, low 

Hgb, and low Het, all contributing to a diagnosis of 
anemia. 

The diagnosis of megaloblastic anemia can be made 
based on the patient’s physical examination and the 
highlights of the laboratory results. Physical findings 


reveal that the patient had the signs and sym 

; : we Ptoms 
of anemia, with the “lemon-yellow skin” cased 
anemia and jaundice. The low hemoglobin and he 
tocrit levels in combination with an elevated Mey. " 
and normal MCHC are suggestive of Macrocytic, p 
mochromic anemia, a characteristic of megaloblasti 
anemia. The macroovalocytes and hypersegmented 
neutrophils present on the peripheral smear are Sttik. 
ing features of megaloblastic anemia. Howell-Jolly 
bodies are the red cell inclusions commonly seen in 
this type of anemia. The low reticulocyte value js 
indicative of ineffective erythropoiesis, and the low 
serum B,, points to megaloblastic anemia. The white 
blood cell (WBC) and platelet counts are normal in 
this patient, as is expected in early stages of mega- 
loblastic anemia. 

The elevated bilirubin, serum LDH, and serum iron 
levels can all be attributed to red cell hemolysis. In 
megaloblastic anemia, the red cells are fragile and have 
a shortened life span, and are thus prematurely de- 
stroyed in the bone marrow and in the peripheral blood. 

3. This patient has a decreased reticulocyte count, which 
indicates ineffective erythropoiesis. Patients with 
megaloblastic anemia are expected to have decreased 
reticulocyte production indexes of less than 2. 

4. The most common causes of megaloblastic anemia are 
vitamin B,, and folate deficiencies. 

5. In this patient, the serum B,, level was decreased, 
whereas the red cell folate level was normal. These 
findings indicate that B,, deficiency was the probable 
cause of the megaloblastic anemia. Since the patient 
was eating a balanced diet and had no past medical 
history, it is likely that her vitamin B,, deficiency 
caused by malabsorption. 

6. Testing for autoantibodies to intrinsic factor and pe 
rietal cells should be ordered to evaluate the specific 
cause of B,, malabsorption. If the anti-intrinsi¢ a 
antibody and antiparietal cell antibody tests ar posit! 
for this patient, pernicious anemia can be diagnose? 


CASE CONTINUATION -  eactor and 
The patient tested positive for both anti-intrinsi¢ facto b 
antiparietal antibodies and was therefore put 0° Dy 
cobalamin therapy. The initial doses of hydroxocol? fo 
were administered intramuscularly for several Me 

d 


weeks 
7 rap) 
lowed by maintenance doses. After 2 months oF 


a 
the patient had completely recovered. Her hemop® 
hematocrit had returned to normal, and her abnorm vis? 
cell morphologies had disappeared. The patient ® asi ie 


e apse 
to continue the vitamin B,, therapy to pre’ ent ea i 
symptoms, because lack of IF in patients with P 
anemia prevents absorption of dietary B,,- 


N = normal range. 


2-year-old girl presented with com- 
scoloration of eyes and palms and 
sociated with weight loss for the past 
orted easy fatigability for the past 


Y MEDICAL HISTORY: She had no his- 
n, pale stools, or bone pain. She had 

- abuse, blood transfusions, or drug 
ed that she has been on a vegetarian 
. Her birth history, developmental 
ry were unremarkable. 


JON FINDINGS: Physical examina- 
d pallor, normal liver span, and no 


CBC 

Result Reference Ranges 
2.37 X10/pL 42-5 wl 

9.4 g/dL 12.3-15.3 g/dL 
28.3% 36%-45% 

119.5 fL 87-98 fL 

16.7% <15% 

40.9 pg 32-36 pg 

33.2 g/dL 33.4-35.5 g/dL 

152 X 10/L 150-450 X 103/L 
57 XK 10/b 44-11 X 10°/uL 

80% with 60%-70% 
hypersegmentation 

15% 20%-30% 

5% 5%-10% 

2.25% 0,5%-1.5% 

Chemistry Test 
7.5 mg/dl 0.1-1.2 mg/L 
0.6 mg/dL Jess than 0,3 mg/dL 
<30 pg/mL 100-700 pg/mL 
100-190 IU/L 


729 \U/L 


‘included the CBC and Chemistry 
ble above. Additionally, the patient 
es and normal random blood sugar. 


ed macrocytosis. Folate levels and 
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Repeat investigations, after 6 months of oral therapy 
with vitamin B,, (1500 meg/day), persisted to show mac- 
rocytosis, hypersegemented neutrophils, borderline uncon- 
jugated bilirubinemia, normal hemoglobin, and improving 
vitamin B,, levels (82.3 pg/mL). 


QUESTIONS 

1. What is likely causing this patient’s vitamin Bhs 
deficiency? 

2. Would you expect this particular patient to have a full 
therapeutic response to the vitamin therapy after 
6 months? 


ANSWERS: 

1. The patient’s history revealed that she had been follow- 
ing a vegetarian diet for the past 2 years. Vegetarians 
are an at-risk population for vitamin B,, deficiency. 

2. Yes. Replacement with vitamin B,, should improve 
most laboratory values and reverse the anemia caused 
by the deficiency, since the deficiency is not caused by 
a malabsorption issue, but rather a nutritional deficit. 


CASE CONTINUATION 

The 6-month follow-up visit revealed that the patient’s 
compliance with her medication regimen was poor, and she 
had also resumed her vegetarian diet. Monthly injectable 
vitamin B,, was offered to the patient, but it was declined. 
Oral drug compliance was ensured by counseling the 
patient and family. 

Ten months after the first presentation, the patient 
reported significant improvement in well-being, and Tepeat 
investigations showed normal serum vitamin B,, levels and 
a weight gain. Laboratory results at this time showed hemo- 
globin, reticulocyte count, bilirubin, LDH, and serum vita- 
min B,, within normal limits, as well as the return of normal 
RBC and neutrophil morphology on peripheral smear, This 
symptom reversal is achievable in a majority of patients 
with deficiency due to nutritional effects. As with many 
disease states, recovery in vitamin deficient states relies on 
patient compliance to the treatment regimen. Compliance 
can often be achieved through patient and family education 
about the disease severity and probability of recurrence of 
symptoms due to poor adherence.** 

Adapted from: Katakam PK, Hegde AP, Venkatara- 
maiahyappa M. Vitamin B,, deficiency: unusual cause of 
jaundice in an adolescent. BMJ Case Rep. 2018; 2018: 
ber2017222302. doi: 10.1136/ber-2017-222302 
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CASE STUDY 8-3 


REASON FOR VISIT: A 57-year-old nonvegetarian man pre- 
sented with a 3-week history of progressive generalized 
weakness and dyspnea on exertion. 


PATIENT AND FAMILY MEDICAL HISTORY: He had a previ- 


ous history of alcohol abuse about 3 years earlier. 


MEDICATION HISTORY: The patient is taking over-the- 


counter NSAIDs as needed for occasional muscle pain. No 
prescribed medications reported. 


PHYSICAL EXAM FINDINGS: Physical examination was 


only significant for pallor. 


LABORATORY RESULTS: 
= ‘oie CBC 
Laboratory Test Result Reference Ranges 
RBC 1.5 X 10%/pb 4.0-5.0 X 10°/pL 
Hb 4.3 g/db 13.0-17.0 g/dL 
Het 21% 36%—45% 
MCV 102 fl 80-94 fL 
MCH 28.7 pg 27-35 pg 
MCHC 28.7 % 32%-36% 
RDW 16.2% <15% 
PLT 92 X 10?/pL 150-450 X 103/.L 
WBC 3.4 X 10/pb 4.5-10.8 X 107/pL 
Neutrophils 73.2% 60%-70% 
Lymphocytes 21% 20%-30% 
Monocytes 1.7% 5%—-10% 


Laboratory results included the CBC results shown in the 


table above. His hemoglobin 2 weeks before this presenta- 
tion was 9 g/dL. A basic metabolic panel and coagulation 
studies were within normal limits. Direct antiglobulin test 
was negative, thyroid-stimulating hormone was normal, 
and a hepatitis panel, stool for occult blood, and HIV screen 


were negative. 


QUESTION 
|. Based on these laboratory findings, would you classify 


the patient’s severe anemia as megaloblastic at this 
time? Why or why not? 


ANSWER 


_ No. While the patient is severely anemic, the MCV is 


not higher than 110 fL, the differential examination 
does not present with hypersegmented neutrophils, and 
the lack of autoantibodies that would be detected in 
the direct antiglobulin test rules out pernicious anemia. 
However, further laboratory studies to investigate this 
patient’s case should include reticulocyte index, hapto- 
globin, bilirubin, and LDH to complete the investiga- 
tion of a hemolytic anemia. Serum vitamin B,,, serum 
folate, serum iron and total iron-binding capacity, and 
ferritin should be included to evaluate the patient’s 
vitamin status. 


CASE CONTINUATION 

Due to his severely anemic state, the patient received 

units of packed red blood cells. The practitioner also pee 

the patient on vitamin therapy for vitamin B,, at 1,009 ne 

day. However, his pancytopenia continued to worsen, 2 
Further laboratory studies were conducted to investiga 

this patient’s case. Those studies with their results ae 


follows: 


Test Result Reference Ranges 
Reticulocyte index 0.16 0.5-2.5 
Haptolgobin (mg/dL) <8 30-200 mg/dL 
Total bilirubin (mg/dL) 23 0-1.5 mg/dL 
Direct bilirubin (mg/dL) 1.2 <0.3 mg/dL 
LDH (U/L) 2510 100-220 U/L 
Serum vitamin B,, (pg/mL) 68 200-700 pg/ml 
Serum folate (ng/mL) 78 >4 ng/mL 
Ferritin 110 12-300 ng/mL 
Total iron-biding capacity 325 240-450 mg/dL 
(mcg/dL) 

Anti-lF antibodies NEG 

Antiparietal cell antibodies NEG 


Since the patient’s pancytopenia did worsen despite the 
patient’s transfusion and B,, therapy, a bone marrow biopsy 
was performed. The preliminary biopsy reported revealed 
an elevated blast percentage, and the patient was trans 
ferred to a tertiary care center for further evaluation. There, 
a repeat biopsy revealed 90% cellularity with trilineage 
hematopoiesis and was notable for numerous giant band 
forms, left-shifted erythroid hyperplasia, and dyspoieti 
features in all three lineages. 


QUESTION 
2. Do these additional findings change whether you view 
this patient’s anemia as megaloblastic or not? Why? 


ANSWER 

2. This additional information is able to explain that he 
patient is vitamin B,, deficient, and despite the lower 
MCV and normal MCH, the clinical information SP 
ports a diagnosis of megaloblastic anemia- This patie? 
does illustrate a case of vitamin B,, deficiency wi 
macrocytosis, pancytopenia, and concurrent hem? 
The patient has a low reticulocyte count, indicating 
an inadequate bone marrow response to the eed 

Hemolysis in patients with B,, deficiency has = cells 

tributed to intramedullary destruction of red blo 

due to ineffective erythropoiesis. 


CASE CONTINUATION inje™ 
The patient received daily parenteral vitamin By bY 
tions with rapid bone marrow recovery, 25 °° — 3 
improvement in the blood counts and reticulocy™ 


Lysis: 


_ 


ASE STUDY 8-3—cont'd 


injections once weekly as an outpatient. 
y follow-up in the clinic, laboratory revealed 
in all cell counts, resolution of macrocytosis, 


and concurrent hemolysis. Hemolysis in 
th B,, deficiency has been attributed to intra- 
ry destruction of red blood cells due to ineffective 
esis. The patient’s previous history of alcohol 
mbined with chronic malabsorption could have 
ed to this deficiency. This could also explain the 
< of response to oral vitamin B,, supplemen- 
it great response with complete normalization 
ounts with parenteral supplementation. His B,, 
along with clinical evidence of disease is 
t with deficiency, and no further confirmatory 
needed. Rather, it is in cases where B,, levels 
200 to 300 pg/mL where deficiency is pos- 
Yerification with serum methylmalonic acid 


- tls the hallmark of megaloblastic anemia? 
jf Nommocytic Normochromic anemia 
Y greater than 100 fL 


With low M:E ratio 

ellular with high M:E ratio 
ar with high M:E ratio 

lular With low M:E ratio 
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and/or serum homocysteine levels may be necessary. 
Finally, this case is important to recognize that bone 
marrow biopsy in patients with B,, deficiency can be 
misleading since it may appear to show dysplastic changes 
mimicking myelodysplastic syndrome or acute leukemia, 


QUESTION 
3, What could be the cause of the patient’s vitamin B,, 
deficiency? 


ANSWER 
3, The patient’s previous history of alcohol abuse com- 
bined with poor nutrition or chronic malabsorption 
could have contributed to this deficiency of B,,. 
Pernicious anemia is unlikely due to the lack of 
anti-IF and antiparietal cell antibodies. 


Adapted from Konda M, Godbole A, Pandey S, Sasapu A. Vitarnin Bo. 
deficiency mimicking acute leukemia. Proc (Bayl Univ Med Cent). 
2019;32:589-592. doi: 10.1080/08998280.2019.1641045 


5. Which of the following is a non—red blood cell finding 
seen on the peripheral smear of a patient with mega- 
loblastic anemia? 

a. Macroovalocytes 

b. Hypersegmented neutrophils 
c. Schistocytes 

d. Howell-—Jolly bodies 


So 


According to the morphological classification of 
anemias, megaloblastic anemia is az 

a. Macrocytic, hypochromic anemia 

b. Macrocytic, hyperchromie anemia 

c, Macrocytic, normochromic anemia 

d. Normocytic, normochromic anemia 


7. The glycoprotein necessary for absorption of 
vitamin B,, is: 
a, Albumin 
b. Transcobalamin 
c, Haptoglobin 
d, Intrinsic factor 


8. All of the following are causes of B,. deficieney, 


except: 

a. Atrophie gastritis 

b, Total gastrectomy 

c. Blind loop syndrome 
d. Chronie glossitis 


Continued 
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REVIEW QUESTIONS—cont'd 


9. Which of these statements is true regarding the 
testing of antibodies to intrinsic factor for diagnosing 
pernicious anemia? 


a. 


b. 


Antibodies to IF are both sensitive and specific for 

the diagnosis of pernicious anemia. 

Antibodies to IF are sensitive for the diagnosis of 

pernicious anemia but are not specific. 

. Antibodies to IF are specific for the diagnosis of 
pernicious anemia but are not sensitive. 

. Testing for antibodies to IF should not be part of 

the laboratory diagnosis for pernicious anemia. 


12. Which of the following laboratory findings coincides 


with megaloblastic anemia? 
a. Increased serum iron and serum bilirubin 


b. Decreased serum iron and serum bilirubin 
c. Decreased serum muramidase 


d. Increased haptoglobin | 


13. Which type of therapy is performed for vitamin B,, | 


deficiency? 


a. Short-term vitamin therapy 
b. Life-long vitamin therapy 
c. Red blood cell transfusion 
d. Intravenous injection 


14. 


See answers at the back of this book. 


10. Macrocytosis associated with acute blood loss is 
characterized by: 
a. Decreased reticulocyte count 
b. Increased reticulocyte count 
c. Pancytopenia 
d. Macroovalocytes 

11. Which of the following laboratory results is asso- 
ciated with pernicious anemia and not macrocytic 
anemia due to liver disease? 
a. Increased LD 
b. Increased bilirubin 
c. Increased MCV 
d. Hypersegmented neutrophils 
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CHAPTER 9 


Hemolytic Anemias 
Intracorpuscular Defects: 


Hereditary Defects of the Red Cell Membrane 


Thérésa L. Coetzer, PhD 


CHAPTER OUTLINE 


Classification of Hemolytic Anemias 


Approach to Diagnosis of a Hemolytic Membrane Hereditary Hydrocytosis and 
State Red Cell Membrane Structure Hereditary Xerocytosis 
Tests Reflecting Increased Red Cell Classification of Hereditary Summary Chart 
Destruction Defects of the Red Cell Case Study 9-1 | 
Tests Reflecting Increased Red Cell Membrane Case Study 9-2 | 
Production Hereditary Spherocytosis Case Study 9-3 


Establishing the Cause of Hemolysis 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


9-1 Define intracorpuscular and extracorpuscular red 
blood cell defects relating to hemolytic anemia 
classification. 

9-2 Contrast laboratory tests that reflect increased red cell 
destruction from those that reflect red cell production. 


9-3 Calculate a reticulocyte production index. 


9-4 Outline the approach and laboratory tests to classify 
the cause of red cell hemolysis, 


9-5 Detail the structure of the red cell membrane, 


9-6 Identify the molecular and red cell membrane defects 
associated with hereditary spherocytosis, 


he red blood cell (RBC) membrane is critical for the func- 

tion and survival of the cell. It is a key determinant of 
the unique biconcave disc shape, which provides flexibility 
and durability, allowing the RBC to withstand the circulatory 
shear forces and remain intact while negotiating the microvas- 
culature and the spleen during its average 120-day life span. 

Defects of the RBC membrane alter the shape and deform- 
ability of the cell, which leads to premature destruction and 
hemolysis. These disorders comprise an important group of 
hereditary hemolytic anemias and include hereditary sphero- 
cytosis (HS), hereditary elliptocytosis (HE) and related 
disorders, and disorders of RBC hydration. This chapter ne 
marizes the laboratory approach to detect hemolysis, our cur- 
rent understanding of the underlying molecular defects, and 
the pathophysiology of these disorders. 
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Hereditary Defects of the Red Cell 


Hereditary Elliptocytosis 


Disorders of Red Cell Hydration 


Review Questions 
References | 


9-7 Recognize abnormal laboratory results associated 
with hereditary spherocytosis. 

9-8 Name the functional abnormalities affecting mem 
brane skeleton proteins in hereditary elliptocytosis 
and ovalocytosis. 

9-9 Identify the abnormalities that cause the severe 

fragmentation and microspherocytosis characteriste 

of hereditary pyropoikilocytosis. 

Recall laboratory findings associated with heredita" 

elliptocytosis disorders. 

9-11 List disorders of red cell hydration and me 

cation permeability. 


9-10 


mbrane 


Classification of Hemolytic Anemias “pac 


A hemolytic state exists when the in vivo survive? atiest 
shortened. The presence of anemia in an ind'V! ua i cot 
however, dependent on the degree of hemoly ee one id 
pensatory response of the erythroid elements fe 
row. Normal bone marrow is able to increase "* ij this 
Six- to eightfold, so that anemia is not manifest Cs yi 
ity is exceeded, corresponding to an RBC life te mor 
20 days or less. Anemia may, however, OCCUR!” sot! 
erate shortening of the RBC life span if thet?” | cous wi 
depression of bone marrow function, hich of ey 
Certain systemic diseases or exposure to chemicé ils etl! é 
A useful classification of the hemoly" a ed vi? 
their subdivision into those disorders 45°" 


4 (intracorpuscular) defect of the RBC and those 
Con with an extrinsic (extracorpuscular) abnormal- 
associ Cs from a patient with an intracorpuscular defect have 
ity: te ed survival in both the patient and a normal reci pient, 
a aoe normal donor RBCs survive normally in the patient. 
« ntrast, normal RBCs are destroyed more rapidly when 
roe jnto a patient with an extracorpuscular abnormality. 
The patient’s RBCs, when transfused into a healthy recipient, 
have normal survival, provided that they have not been irrevers- 
ibly damaged. Hemolytic states have also traditionally been 
as intravascular or extravascular; that is, seques- 
tration occurs in reticuloendothelial tissue. However, vigorous 
extravascular hemolysis may often be associated with signs of 
hemoglobin release into the plasma such as hemoglobinemia 
and decreased haptoglobin levels. The distinction is still use- 
ful from a clinical standpoint because certain hemolytic states 
are associated with predominantly intravascular hemolysis 
(eg. paroxysmal nocturnal hemoglobinuria and infections 
caused by Clostridium or Plasmodium falciparum). 
Hemolytic anemias may be classified as outlined in Table 9-1. 


Approach to Diagnosis of a Hemolytic State 
The approach to the diagnosis of hemolytic anemia initially 
involves establishing an increased rate of RBC destruction 
and then focuses on determining the cause of hemolysis. 
Diagnostic tests to establish the presence of hemolysis rely 
on the fact that hemolysis is characterized by both increased 
RBC destruction and increased production. 


Tests Reflecting Increased Red Cell Destruction 
aa Or extravascular destruction of RBCs releases 
hemoglobin, which is processed and degraded in a series of 
Steps, as depicted in Figure 9-1. Several tests detect catabolic 
ediates in this cascade, and the two most frequently 
‘sed are the serum unconjugated (indirect) bilirubin and 
te gpetPtoetobin determinations RBCs phagocytosed by 
b o roendothelial system result in the release of biliru- 
of un Teakdown product of heme, which elevates the level 
Conjugated bilirubin in the serum, although it seldom 
decreageg 104 mg/dL in uncomplicated hemolytic states. A 
*etum haptoglobin level is a sensitive measure of 


Acquired 
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both intravascular and extravascular hemolysis, and it reflects 
the rapid clearance of a complex formed between liberated 
hemoglobin and circulatory haptoglobin, Drawbacks to the 
use of serum haptoglobin levels are that low levels may occur 
in hepatocellular disease, reflecting decreased synthesis by the 
liver, and that some individuals, particularly in black African 
populations, may have a genetically determined deficiency 
of haptoglobin. Increased synthesis of haptoglobin in acute 
inflammatory states or malignancy may also mask depletion 
of serum haptoglobin caused by hemolysis. 

In addition to the two tests described, measurement of 
lactate dehydrogenase (LDH) is typically part of a standard 
workup for hemolysis. LDH is an enzyme present in RBCs, 
and hemolysis causes release into the plasma, which elevates 
the level. This is a sensitive test but not specific for hemoly- 
sis since LDH is ubiquitous and can be released from other 
damaged cells. 

Urinalysis may be useful to reveal increased RBC destruc- 
tion, particularly if it is primarily intravascular, by detecting 
hemoglobinuria and hemosiderinuria (Fig. 9-1). Once the 
hemoglobin-binding capacity of serum haptoglobin is exceeded, 
hemoglobin passes into the kidney, where it is reabsorbed and 
degraded. The liberated iron is conserved as ferritin and hemo- 
siderin, which can be detected in the urine several days after a 
hemolytic episode, When the tubular reabsorptive capacity for 
hemoglobin is exceeded, hemoglobinuria ensues. 


Tests Reflecting Increased Red Cell Production 

The compensatory bone marrow response to hemolysis results 
in the delivery of young RBCs in the form of reticulocytes into 
the circulation. These young cells contain RNA, which stains 
supravitally with dyes such as new methylene blue or bril- 
liant cresyl blue. The normal reticulocyte count has a range of 
0.5% to 2.0%, reflecting the fact that, each day, approximately 
1% of the RBC mass is destroyed and replaced by young 
RBCs from the bone marrow, because RBC survival is approx- 
imately 120 days. The reticulocyte count is always elevated 
in a hemolytic state in which there is a normal compensatory 
bone marrow response. However, a more accurate assessment 
of RBC production is required, because the percentage of 
reticulocytes may be “spuriously” elevated as the reticulocytes 
may be diluted into a lesser number of total circulating RBCs, 


* Defects in the red cell membrane 
* Enzyme defects 

* Hemoglobinopathies 
__* Thalassemia syndromes 


. 


Paroxysmal nocturnal hemoglobinuria 


Immune hemolytic anemias 

Infections 

Exposure to chemicals and toxins 

Exposure to physical agents 

Microangiopathic and macroangiopathic hemolytic anemias 

Splenic sequestration (hypersplenism) 

General systemic disorders (in which hemolysis is not the dominant feature 
of the anemia) 
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ve 


Hb-dimer 


Ferri-heme + globin 


FIGURE 9-1 Diagrammatic representa- 
tion of the degradation of hemoglobin 
after intravascular or extravascular 
destruction of red cells. Fe = iron; Hb = 
hemoglobin; RBC = red blood cell; R.E.= 
reticuloendotheiial cell. 


Hemoglobinuria 
Hemosiderinuria 
Urobilinogenuria 


In addition, in response to the anemia, reticulocytes may leave 
the bone marrow prematurely and mature in the circulation for 
longer than the normal maturation time of | day, again leading 
to a falsely elevated reticulocyte count. These cells (so-called 
shift reticulocytes) are recognizable as large bluish-gray eryth- 
rocytes on Romanowsky (Wright, Giemsa) stains. 

The reticulocyte production index (RPI) corrects the 
hematocrit to a normal value of 45% and considers the mat- 
uration time of the reticulocyte at a particular hematocrit 
(approximately 1.0 day at a hematocrit of 45%, 1.5 days at 
35%, 2.0 days at 25%, and 2.5 days at 15%)! 


% Reticulocytes 
Reticulocyte maturation time 


Hematocrit % 


RPI = 45% 


For example, an RPI of 5.3 is calculated for a patient sus- 
pected of having a hemolytic state with the following indices: 
hemoglobin, 12.0 g/dL; hematocrit, 36%; reticulocyte count, 
10%; shift cells present. 

An RPI of greater than 2.5 to 3.0 is generally regarded as 
indicative of hemolysis, but it is very important to exclude the 
presence of hemorrhage, as this too may lead to an elevated 
RPI. Although the RPI is probably the single most useful test 
to detect a hemolytic state, a cautionary note is in order, as the 
test may not be sensitive enough to detect mild cases. 


Establishing the Cause of Hemolysis 

Once having documented the presence of hemolysis, the 
approach followed by Lux and Glader’ in establishing the 
cause of hemolysis is pragmatic and logical, and this is the tech- 
nique followed in this chapter and shown diagrammatically 
in Figure 9-2. The initial step consists of separating patients 
into Coombs’ test-positive (i.., immunohemolytic anemias) 
and Coombs’ test-negative groups. The latter group is then 


Hb 


Bilirubin-albumin | 
(unconjugated) | 


Met-Hb Hb-haptoglobin 


Heme- 
hemopexin 


Methem-albumin ——> 


— 


+ Gut 


further divided into “smear-positive” and “smear-negatité 
nonspecific” subgroups. It is fundamentally important ® 
assess morphology in peripheral smears that are free 0 
artifact. On the basis of the classification according  & 
predominant morphology associated with a particular ds 
ease state (Box 9-1), it is possible to considerably narrow wk 
differential diagnosis and then institute further appropo™* 
tests to make a definitive diagnosis. 


ESTABLISH PRESENCE OF HEMOLYSIS 
Increased RBC destruction 
Increased RBC production 


| COOMBS (DAT) est | 


POSITIVE NEGATIVE 


r 


Immune hemolytic | 
anemias : 


FIGURE 9-2 Diagnostic approach to hemolytic anem/2s- 
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syndrome (microangiopathic and 
lytic anemias) 
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cytosis and related disorders 
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tical Thinking Questions at the back 
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y (HMP shunt defects during hemolytic crisis, 


nphasizing that many hemolytic states are 
nderlying disease, as will become appar- 
hapters, and this should be considered in 


the etiology and pathophysiology of hemo- 
Y defects of the RBC membrane requires 
ts structural organization. The membrane 
fluid phospholipid bilayer stabilized by 
membrane proteins within the bilayer 
12 peripheral membrane protein skeleton. 
"ides the RBC with the necessary strength 
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predominant Red Cell Morphology Commonly Associated With Nonimmune Hemolytic Disorders 


Prominent Basophilic Stippling 

* Thalassemias 

* Unstable hemoglobins 

* Lead poisoning 

+ Pyrimidine-5-nucleotidase deficiency 


Spiculated or Crenated Red Cells 

* Acute hepatic necrosis (spur cell anemia) 
* Uremia 

* Infantile pyknocytosis 

° Abetalipoproteinemia 

* McLeod blood group 


Target Cells 

¢ Hemoglobins S, C, D, and E 
* Thalassemias 

* Hereditary xerocytosis 


Nonspecific or Normal Morphology 

+ Embden-Meyerhof pathway defects 

* HMP shunt defects 

Adenosine deaminase hyperactivity with low red cell ATP 
+ Unstable hemoglobins 

+ Paroxysmal nocturnal hemoglobinuria 
* Dyserythropoietic anemias 

* Copper toxicity (Wilson's disease) 

* Cation permeability defects 

* Erythropoietic porphyria 

Vitamin E deficiency 

Hypersplenism 


ATP = adenosine triphosphate; HMP = hexose monophosphate. 


and flexibility to survive the circulatory shear stress and numer- 
ous passages through the spleen during its 4-month life span. 
The ability of the red cell to deform and subsequently regain 
its original biconcave disc shape is determined by three factors: 


1. Cell surface area-to-volume ratio 

2. The viscoelastic properties of the membrane, which 
depend on the structural and functional integrity of the 
membrane skeleton 

3. The cytoplasmic viscosity, which is determined primarily 
by intracellular hemoglobin 


The structural organization of the protein and lipid compo- 
nents of the RBC membrane has been reviewed in Chapter 2, 
and only some aspects of the membrane proteins implicated 
in the pathogenesis of hemolytic anemia are emphasized here. 

The RBC membrane skeleton underlies the lipid bilayer 
and is a loosely knit two-dimensional protein network con- 
sisting mainly of the structural proteins a- and B-spectrin, 
actin, protein 4.1R, and actin-associated proteins.> Negatively 
stained stretched skeletons viewed via high-resolution elec- 
tron microscopy* reveal a hexagonal lattice of predominantly 
spectrin tetramers with some hexamers joined together by 
junctional protein complexes (Fig. 9-3). These Junctional 
complexes are mainly composed of protein 4.1R, short F-actin 


* 
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FIGURE 9-3 Transmission electron micrographs of negatively stained red cell membrane skeletons. A. An area of spread skeleton network. B, C. The 
hexagonal lattice made up of spectrin tetramers (Sp4), hexamers (Sp6), or double tetramers (2Sp4). Cross-linking junctional complexes contain short 
F-actin filaments and protein 4.1R (band 4.1). Globular ankyrin structures are bound to spectrin filaments about 80 nm from their distal ends. (From Liu, 
SC, et al. Visualization of the hexagonal lattice in the erythrocyte membrane skeleton. J Cell Biol. 1987;104:527, with permission.) 


filaments, and actin-associated proteins including adducin, secondary attachment is mediated by the junctional comple 
dematin (protein 4.9), protein p55, tropomyosin, and tro- _ whereby protein 4.1R interacts with AE1 and glycophora © 
pomodulin.* The spectrin/actin skeleton is anchored to the _ Spectrin and protein 4.1R also interact directly with the phos- 
phospholipid bilayer by interactions with integral membrane _pholipid bilayer. 

proteins forming multiprotein complexes.** The primary Red cell spectrin, the major skeletal protein, is # 
anchoring sites are ankyrin complexes based on a high-affin- _ elongated flexible heterodimer composed of stoichiomet 
ity interaction of ankyrin with both the transmembrane anion —_ amounts of two structurally related, but functionally distin 
exchanger-1 (AE1) and B-spectrin. Several other integral a and B polypeptides that are encoded by separate genes, 
and peripheral proteins are involved, including protein 4.2.A  SPTAJ and SPTB, respectively (Table 9-2). 


TABLE 9-2 Properties of Selected Red Cell Membrane Proteins Implicated in Hemolytic Anemia 
SDS-PAGE Band* Molecular Mass*(kD) 


Gene Symbol Chromosomal Localization Diseases _ 
Skeletal Proteins 


a-Spectrin ee 1 —e 280 7 SPTA1 1921 q23 HS, HE, HPP. a 
B-Spectrin 2 ee SPTB Tak 4923 Roa = HS, HEMP 
Protein 4.1R “4 4 . sm 66 ; EPB4y _ a, “i ane =~ a 


Integral Proteins | 
AE1 (Band 3) 3 _ 102 meee (SLCAAT 17q21.31 HS, SAO 
Giycophorinc PAS (Mow ga eT He 


Linker Proteins 


Ankyrin 
Protein 4.2 


“Proteins were separated by SDS-PAGE and stained with Coomassie blue or periodic acid 
‘Molecular weight in kilodaltons (kD) is calculated from the amino acid sequence. 

HS = hereditary spherocytosis; HE = hereditary elliptocytosis; HPP = hereditary 
pyropoikilocytosis; SAO = Southeast Asian ovalocytosis. 


Schiff reagent (PAS). 
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-spectrin can be subdivided into structural 

nd BI-BIV) that are resistant to mild prote- 
944). Each spectrin molecule consists 
ygous 106-amino-acid repeats that fold into 
triple helices,°® which render the molecule 
J enable the RBC to survive the circulatory 
C-terminal of the 280 kD a-spectrin has an 
ch binds calcium. The N-terminal of the 
contains binding sites for protein 4.1R, 
and repeats 14-15 form a binding pocket 
9-44). The a and 8 monomers interact 
in an antiparallel fashion starting at nucle- 
end of the molecules. The head regions 
dimers self-associate into tetramers via an 
the two helices from partial repeat 17 
at the phosphorylated C-terminal, and a 
N-terminal of the al domain to form a 
An important aspect in the biogenesis 
leton is that a-spectrin is synthesized in 
fold excess over §-spectrin and under- 
ation, indicating that B-spectrin is the 
ponent in spectrin assembly.’ 


14 Transmembrane 
segments Cytoplasm 
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The major integral membrane protein is AE1, previously 
known as band 3, encoded by the SLC441 gene (Table 9-2).* 
As an anion exchanger, it performs an important transport 
function by regulating HCO,/CI exchange and facilitating 
the transfer of carbon dioxide from tissues to lungs. The 102 
kD protein is divided into two structurally and functionally 
distinct domains (Fig. 9-4B). The 43 kD N-terminal cytoplas- 
mic domain contains binding sites for ankyrin and proteins 4.1 
and 4.2, and also binds glycolytic enzymes and hemoglobin. 
The 52 kD C-terminal region has 14 transmembrane segments 
intercalated in the lipid bilayer that form the anion-exchange 
channel. 

Ankyrin is the major linker protein that connects the mem- 
brane skeleton to the bilayer, and it is encoded by the AVK/ 
gene (Table 9-2).>° The 206 kD protein has an N-terminal 89 
kD domain, consisting of 24 tandem ANK repeats containing 
33 amino acids each (Fig. 9-4C), which bind to AE1. Spectrin 
binds to the central 62 kD domain of ankyrin, whereas the 55 
kD C-terminal portion is a regulatory domain that is alterna- 
tively spliced at the mRNA level, yielding ankyrin isoforms, 
which modulate the interaction with spectrin and AE1. 

Protein 4.1R is a 66 kD globular protein with four 
structural domains as depicted in Figure 94D 2° A 10-kD 
domain enhances the spectrin-actin interaction by binding 
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Protein 4.1 
Actin 
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FIGURE 9-4 Schematic representation of the structure of 
four of the red cell membrane proteins involved in hered- 
itary hemolytic anemias. The molecular masses of the 
various domains are given in kilodaltons (kD). A. Spectrin. 
The subunit structure of «- and B-spectrin, showing the 
antiparalle! arrangement of the N- and C-terminals, the 
homologous triple helical spectrin repeat units (indicated 
above the a and B chains), and the trypsin-resistant 
domains (open squares). a-Spectrin has five domains 

(al to aV) and 21 repeats. B-Spectrin has four domains 

(BI to BIV) and 17 repeats. Proteins interacting with 
spectrin are indicated below the relevant domains. 

B. Band 3 (AE1). The 52-kD membrane domain contains 
14 transmembrane segments and is responsible for anion 
exchange. The 43-kD N-terminal cytoplasmic domain 

and the proteins binding to this domain are shown, 

C. Ankyrin. The N-terminal 89-kD domain consists of 24 
ankyrin repeat units, which bind to band 3 (AE1), The 
62-kD domain interacts with spectrin and the C-terminal 
55-kD regulatory domain modulates the activity of the 
protein. D, Protein 4.1. The four structural domains of the 
protein are depicted as open rectangles and the proteins 
binding to each domain are shown below. 
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to both proteins, as well as to myosin, and the N-terminal 
30 KD domain interacts with glycophorin C, p55, and ABI. 
The EPB41 gene produces mRNA that is subject to extensive 
alternative splicing, yielding tissue- and development-specific 
isoforms. Post-translational deamidation of asparagine 502 
occurs during development of reticulocytes into mature red 
cells, and these two forms are designated protein 4,1 Ra and b. 
The genes coding for the major membrane proteins have 
been sequenced and their chromosomal localization identified 
(Table 9-2), Mutations in any of these genes that alter the amount 
or function of the expressed proteins compromise the integrity of 
the membrane and manifest in altered RBC morphology. These 
cells are unable to survive passage through the spleen, resulting 
in premature destruction and hemolytic anemia, 


Classification of Hereditary Defects of the Red Cell 
Membrane 

The hereditary hemolytic anemias due to red cell membrane 
protein defects may be classified according to the morphological 
abnormality of the red cells. Four main groups are delineated; 


1, Hereditary spherocytosis (HS) 

2. Hereditary elliptocytosis (HE) and morphologically 
related disorders, including hereditary pyropoikilocytosis 
(HPP) and Southeast Asian ovalocytosis (SAO) 

. Hereditary hydrocytosis (stomatocytosis) 

4. Hereditary xerocytosis 


we 


By far the most common and well-characterized groups of dis- 
orders are HS and HE, and this chapter focuses on these impor- 
tant entities. In recent years, there have been major advances in 
our understanding of the molecular basis of these disorders. To 


Sp-lipid 
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FIGURE 9-5 Diagrammatic illustration of the ver- 


tical and horizontal interactions between the red Vertical detect Horizontal defect 

cell membrane components (top). The bottom sec- 

tion illustrates the pathophysiology of the red cell Lipid bilayer ation BP ackeaninratior 
lesion in hereditary spherocytosis (HS), hereditary destabi 7 Saat 
elliptocytosis (HE), and hereditary pyropoikilocyto- Loss of membrane material me wid rupert 
sis (HPP). A defect in a vertical interaction resulting lective shape 


in spherocytes and HS is illustrated at the bottom 
left. A defect in a horizontal interaction resulting in 
elliptocytes and poikilocytes (HE and HPP) is fllus- 
trated at the bottom right. (From Palek, J. Disorders 
of red cell membrane skeleton: An overview, In 
Kruckeberg, WL, et al (Eds). Erythrocyte Membranes 3: 
Recent Clinical and Experimental Advances. New 
York: Alan R. Liss; 1984, p. 177, with permission.) 


HS 


- 


gain insight into the pathogenesis and to enable 8 cong 

the genotype with the observed morphological shen itn y 
useful to divide the interactions between the req oe iy 
components into two categories (Fig. 9-5), as follow Th 


|. Vertical interactions occur between the Membrane a 
ton and the bilayer and mainly involve §pectrin- any sl, | 
AE! associations, as well as weak contacts between | 
spectrin and the negatively charged lipids of qh 
of the membrane bilayer, 

2, Horizontal interactions occur between Components 
of the membrane skeleton and include spectrin dimer 
self-association to produce tetramers and spectrin. 
actin-protein 4,1R complex formation. 


¢ inner hay | 


As first predicted by Jiri Palek in 1984!" and Subseg 
verified by mutation analyses and other studies, defects in. 
tical interactions manifest as spherocytosis, whereas defies 
in horizontal interactions lead to elliptocytosis (Fig, 9-5) 


a ey 
CRITICAL THINKING QUESTION 
9-2 How do the proteins that are affected by genetic 
mutation cause hereditary defects of the red blood cel 
membrane? 


Hereditary Spherocytosis 

Inheritance and Epidemiology 

HS is characterized by osmotically fragile, spherical red els 
and is the most common hereditary hemolytic anemia inp 
ple of Northern European origin (Fig. 9-6).!!" It has bee 
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FIGURE 9-6 Photomicrograph of peripheral blood smear from a patient 


with hereditary spherocytosis (HS). Note the microspherocytes (small 
r with no central pallor), indicated by the small 


black arrov and the pincered (mushroom-shaped) cell, indicated by the 


n Southern Africa. In at least 75% of cases, it fol- 

autosomal dominant pattern of inheritance, but 
g families both parents are clinically normal, 
Mito mal recessive inheritance or variable pene- 
minant gene or a de novo mutation. 


molecular defects in HS are heterogeneous, 
I genetic loci have been implicated.'"'*'’ In the 
ity Of cases, the resulting protein abnormalities 
fe with decreased amounts of spectrin, ankyrin, 
cal j in 4.2 (Box 9-2). These defects involve verti- 
interactions between the bilayer and the skeleton and are 
1 Worldwide, but the relative frequency of each abnor- 
aon vaties A4ween countries and ethnic groups. More than 
sera nbcausative mutations have been identified and are 
> Unique to each kindred. 
and it emery is a common underlying cause of HS, 
Noted that th documented by Agre and coworkers," who 
© number of spherocytes, severity of the dis- 
heregeer to splenectomy correlated closely with 
Ondary toa deere content. Spectrin deficiency may be sec- 
ankyrin eased amount of ankyrin because the loss of 
Mutatigng srment Sites prevents binding of spectrin to AE1. 
Zyz0us ie SPTA gene have no effect in the hetero- 


H naz, Q-spectrin is synthesized in excess. 
MVE Diallclic spray 4 


Fe 


TA] mutations have been implicated 


Heredit Defects of Red Cell Membrane Proteins in 
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in severe recessive HS.''5 B-Spectrin defects are associated 
with dominant HS because B-spectrin synthesis is rate lim- 
iting in the assembly of spectrin in the membrane. Several 
different mutations in the SPTB gene have been described in 
individual families.'''2'>' These include missense mutations, 
splice-site mutations, as well as insertions or deletions, which 
ultimately result in a shift in the reading frame of the SPTB 
gene, creating abnormal stop codons that terminate transla- 
tion prematurely. These, together with nonsense mutations, as 
well as point mutations in the translation initiation codon that 
prevent translation of the protein, silence the expression of the 
mutant allele and manifest as null mutations. 

Ankyrin deficiency, resulting in a concomitant decrease 
in spectrin, was first described by Coetzer and coworkers,"” 
and subsequently shown to be caused by decreased ankyrin 
mRNA production and synthesis of an unstable molecule. 
Mutations in the ANK/ gene are common,'''*!° especially in 
HS patients from Europe and North America. Interstitial dele- 
tions of chromosome 8 involving the ANK/ gene (8p11.2), as 
well as balanced translocations involving chromosome 8p11, 
have been reported.'''? Nonsense and frameshift mutations, 
which result in either unstable mRNA transcripts or truncated 
proteins with functional abnormalities or decreased stability, 
are common, but missense and promoter mutations have also 
been documented.'!!23:!¢ 

AE deficiency often results in a secondary deficiency of 
protein 4.2 due to the reduction in protein 4.2 binding sites in 
the cytoplasmic domain of AE1. Null mutations are common 
and may be caused by single nucleotide insertions or dele- 
tions that alter the reading frame of the mutant SLC44/ allele 
or by nonsense mutations or splicing defects.'"!*! Small 
in-frame deletions or insertions have been documented in a 
few cases. SLC4A/ missense mutations are very common, and 
these often result in substitution of highly conserved amino 
acids, such as arginine residues at the internal boundaries of 
the transmembrane segments that play a crucial role in the 
stabilization of the AE1 protein and its insertion into the mem- 
brane. '* Several of these arginine residues (encoded by CGN) 
are mutation “hotspots.” The abnormal amino acids may 
also influence the anion transport function of AE1 if they are 
located in the transmembrane domain or alter the binding of 
protein 4.2 if they occur in the cytoplasmic domain. Homozy- 
gous AE! null mutations have been described in HS patients 
who are severely affected, indicating that long-term survival 
without the AE! protein is possible.'® 

Protein 4.2 deficiency is rare in Europeans but relatively 
common in Japanese patients with recessively inherited HS 
who exhibit almost complete absence of the protein,'!2 A 
small number of recurrent causative mutations in the EBP4? 
gene have been described, including a missense mutation 
resulting in protein 4.2 Nippon,”® 


Pathophysiology 

The fundamental expression of the membrane defect in HS is a 
loss of surface area of the red cell, resulting in a decreased sur- 
face-to-volume ratio. This is manifested morphologically as 
spherocytosis, although it should be noted that the majority of 
HS cells are spherostomatocytic rather than truly spherocytic 
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ear lier; but in either event, treatment with pneumococcal 
vaccine Is recommended, preferably starting before splenec- 
tomy. Younger children may also require prophylactic penicil- 
lin or other antibiotics postsplenectomy, but the latter course 
is controversial. Failure of splenectomy is almost always 
associated with an accessory spleen not removed at surgery 
or more rarely is caused by autotransplantation of splenic tis- 
Sue in the peritoneal cavity, leading to splenosis. Laparoscopic 


splenectomy and partial splenectomy are options that may be 
considered.!!:! 


CRITICAL THINKING QUESTION 


9-3 Explain the classic triad presentation seen in hereditary 
spherocytosis. 


Hereditary Elliptocytosis 

Inheritance and Epidemiology 

Hereditary elliptocytosis (HE) is a heterogeneous group of 
disorders found worldwide in all race groups and character- 
ized by the presence of elliptical red cells in the peripheral 
blood (Fig. 9-8). HE syndromes are usually inherited in an 
autosomal dominant fashion, except for hereditary pyropoi- 
kilocytosis (HPP), which is a recessive and very severe rare 
disorder. Common HE is the most prevalent condition. South- 
east Asian ovalocytosis (SAO) is very common in Melane- 
sian and other Southeast Asian population groups because of 
the protective effect toward malaria. SAO exhibits autosomal 
dominant inheritance, and homozygosity is lethal in utero 
without intervention. 


Molecular Defects 


Hereditary Elliptocytosis The underlying abnormality in 
HE resides in the red cell membrane skeleton and usually 
involves spectrin or protein 4.1 (Box 9-3; Table 9-3). 
Spectrin mutations that impair the self-association of spec- 
trin dimers into tetramers are the most common. This func- 
tional defect is caused by an alteration in the structure of the 
spectrin self-association site, usually involving the N-terminal 


FIGURE 9-8 Photomicrograph of peripheral blood smear from a patient 
with mild hereditary elliptocytosis (HE). Note the high percentage of 


elliptocytes. 


9-3 Defects of Red Cell Membrane Proteins in 
Hereditary Elliptocytosis 


Protein Dysfunction 
* Spectrin dimer self-association 
+ a-Spectrin mutations 
+ B-Spectrin mutations 
+ Truncated a- or B-spectrin 
+ Spectrin-ankyrin interaction 
+ Protein 4.1R-spectrin interaction 
+ Anion exchanger (AE1, Band 3) (SAO) 


Protein Deficiencies 
+ Protein 4.1 

* Glycophorin C 

* Spectrin (HPP) 


HPP = hereditary pyropoikilocytosis; SAO = Southeast Asian Ovalocytosis, 
Neen EEE 


al domain of a-spectrin, or less frequently, the C-terming) 
domain of B-spectrin. This disrupts the 106-amino acid helical 
spectrin repeats and alters the partial tryptic cleavage pattem 
of spectrin. The affected domain, as well as the size of the 
abnormal tryptic peptide, is used in the nomenclature of these 
defects, and Spal/74, Spal/65, and Spal/46 are the mos 
common. The extent of impairment of spectrin dimer self 
association and the amount and type of abnormal tryptic pep- 
tide correlate with the clinical severity, with Spal/74 being 
the most severe.** More than 70 causative mutations have 
been described in both a- and B-spectrin genes, and the most 
common are missense point mutations that substitute highly 
conserved amino acids. 


. 


one - 


ADVANCED CONTENT 


Spal/74 mutations are close to the dimer self-association 


site and mainly cluster in exon 2 of the SPTA/ gene. Code 


28, CGT, is a “hotspot” for mutations, whereby the no 
arginine is replaced by one of four different amino acids. 
In-frame deletions and splice site mutations have also be 
reported. Spal/46 mutations are distal from the self-ass 
ation site and often involve the substitution of an amines 
with a proline residue, which is a helix breaker. spol 
is invariably caused by a duplication of codon 154, WH 
inserts an additional leucine into the protein. This 5°", 
mild defect and is common in Central and North Ain 

Mutations in the SPTB gene include missets* ee 
mutations, as well as frameshift errors caused PY 4 
deletions, insertions, or splice-site mutations "*" a 
in mutant B-spectrin molecules with truncated C-tert! 
domains. 

A decreased amount of protein 4.1 R has also 


encing the translation initiation site or, more rare! ‘ 
that shorten the protein or abolish spectrin bindin’: 


RNR TNR 


‘ Ra % , mn 
cated in HE."' This is usually the result of mutate” ious 
c 


ave) 
v 


dl 


Hemolysis 
Asymptomatic to mild 


Morphology 


Elliptocytes 


Moderately severe up to 
age 2 years 


Elliptocytes Poikilocytes 


Severe 


Microspherocytes Poikilocytes. 


Few elliptocytes 


CHAPTER 9 Hemolytic Anemias: Intracorpuscular Defects: Hereditary Defects of the Red CellMembrane 201 


; Characteristics of Hereditary Elliptocytosis Phenotypes 


Most Common Defects 


Impaired spectrin tetramer formation or 


Protein 4.1R deficiency 


Impaired spectrin tetramer formation or 


Protein 4.1R deficiency 


Severely impaired spectrin tetramer formation and 


spectrin deficiency 


Large ovalocytes 


| Pyropoikilocytosis HPP is an interesting, rela- 
re, severe hemolytic disease that is part of the HE 
isorders. The peripheral blood smear is character- 
rospherocytosis, micropoikilocytosis, fragments, 
ly few, if any, elliptocytes (Fig. 9-9). Patients 
compound heterozygotes, and all cases thus far 
exhibit two genetic defects: 


a- or B-spectrin that shows severe impairment 
rin dimer self-association.”’ 

| spectrin deficiency resulting from decreased 
of @-spectrin, which causes the characteristic 
osis.*6 


an Ovalocytosis SAO is a very common, 
‘condition in ethnic Southeast Asian popula- 
Characterized by rigid, spoon-shaped ovalo- 
10) that are resistant to invasion by malaria 
provide an example of the selective pressure 
he underlying molecular defect is an in-frame 
7 base pairs in exon 11 of the SLC4A/ gene, 
‘the absence of nine amino acids at the junction 
plasmic and transmembrane domains of the AE1 


OB, = 


Se =... , peripheral blood smear from a patient 


budae iloerosi (HPP). Note the bizarre micropolkilocy- 
Pudding and very few elliptocytes. 


9-amino acid deletion in AE1 


protein.”* This alters the structure and function of the mutant 
AE1, causing increased binding to ankyrin, an inability to 
transport anions, and markedly restricted lateral and rota- 
tional mobility in the membrane.” 


Pathophysiology of Elliptocytosis 

and Pyropoikilocytosis 

The molecular defects in HE and HPP involve horizon- 
tal interactions between proteins of the membrane skeleton 
(Fig. 9-5). Defective spectrin dimer self-association compro- 
mises the formation of spectrin tetramers, and protein 4.1R 
deficiency decreases the linkage of spectrin tetramers at the 
junctional complex. These abnormalities weaken the skele- 
ton, and under the influence of shear stress in the circulation, 
the cells become distorted and progressively lose their abil- 
ity to regain their original biconcave disc shape, resulting in 
elliptocytes and poikilocytes. The clinical expression of HE is 
variable and can differ between individuals of the same fam- 
ily with the same mutant allele. A low-expression a-spectrin 
allele, SpLELY, is an example of a modifying polymorphism 
that exacerbates the clinical phenotype when inherited in 
trans to a mutant a-spectrin allele.!!~° 


FIGURE 9-10 Photomicrograph of peripheral blood smear froma padané 
with Southeast Asian ovalocytosis (SAQ). Note the characteristic Spoon. 


shaped oval cells with a band across the central area, 
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In the case of HPP, the clinical severity and morphology 
are thought to result from a combination of horizontal and 
vertical defects. Spectrin self-association (horizontal defect) 
1s severely impaired in HPP, which markedly decreases the 
strength and stability of the skeleton, resulting in poikilocytes 
and fragmentation. Spectrin deficiency impairs the vertical 
interaction of the skeleton with the lipid bilayer and gives rise 
to microspherocytes as described for HS (Fig. 9-5). 


Common Clinical Findings 

The HE syndrome is heterogeneous in terms of clinical man- 
ifestations, ranging from an asymptomatic carrier state to 
homozygous HE and HPP with severe hemolysis present- 
ing during infancy. Clinically, the most frequently occurring 
phenotype is mild HE with no or minimal hemolysis." SAO 
heterozygotes are asymptomatic (Table 9-3). 


Laboratory Testing and Results 


Evidence of Hemolysis Typical HE patients present with a 
very mild, compensated hemolytic anemia in which the only 
features may be a slight reticulocytosis and decreased hapto- 
globin levels. Many patients show no biochemical evidence 
of a hemolytic process. In the more severe cases, such as HE 
with infantile poikilocytosis, homozygous HE, and HPP, the 
usual features of extravascular hemolysis outlined earlier are 
found. 


Red Cell Indices In mild HE patients with compensated 
and uncompensated hemolysis, the MCV is usually normal 
or slightly elevated, the latter finding probably reflecting an 
associated reticulocytosis. MCH and MCHC are also usually 
within the normal range. In infants with HE and poikilocyto- 
sis, the MCV may be decreased and the MCHC is either nor- 
mal or slightly elevated. In HPP, the MCV is always markedly 
decreased and the MCHC is usually elevated. 


Morphology of Peripheral Smear The morphology of the 
peripheral smear varies with the clinical phenotypes of HE 
(Table 9-3). Asymptomatic carriers may have normal mor- 
phology. In mild HE with no hemolysis or a compensated 
hemolytic state, the RBC show prominent uniform elliptocy- 
tosis, the cells being elliptical rather than oval or egg-shaped 
(Fig. 9-8). Usually, more than 30% of the RBC are elliptocytic, 
but many patients have a higher proportion of up to 100% 
elliptocytes. Elongated or rod-shaped RBC are characteristic 
and often constitute more than 10% of the RBC. In patients 
with uncompensated hemolysis (mild HE with sporadic hemo- 
lysis), the RBC show more prominent poikilocytosis, and a 
small proportion of elliptocytes may have budlike projec- 
tions. In mild HE with poikilocytosis of infancy there is initial 
prominent poikilocytosis, microspherocytosis, fragmentation, 
budding of red cells, and a variable degree of elliptocytosis 
(Fig. 9-11). By the time the infant reaches the age of 1 to 
2 years, the morphology has changed to that characteristic of 
mild HE (Table 9-2). The rare patients with homozygous HE 
or HPP (Fig. 9-9) present with marked microspherocytosis, 
micropoikilocytosis, bizarre fragments, and very few, if any, 
elliptocytes. Patients with SAO have very distinctive red cell 
morphology. The elliptocytes are more rounded and oval, and 
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with mild hereditary elliptocytosis (HE) and poikilocytosis of infancy. Now 
the poikilocytosis and fragmentation. 


are often quite large with a transverse bar that divides the ce. 
tral pale space (Fig. 9-10). 


Special Laboratory Tests 
Clinical laboratory results, family history, and the presence of 
elliptocytes or SAO ovalocytes are often sufficient to make adap 
nosis, but specialized testing may be required in difficult cases. 
RBC membrane protein deficiencies or size abnormalites 
may be detected by SDS-PAGE and quantitation, as described 
earlier for HS. Spectrin dimer self-association is analyzed by 
extracting spectrin from the membrane at 4°C followed ty 
nondenaturing PAGE and quantitation of spectrin dimers ai 
tetramers. Limited tryptic digestion of spectrin followed ty 
SDS PAGE or two-dimensional gel electrophoresis will ide 
tify the defective domain. The EMA test shows a marked edu 
tion in fluorescence in patients with HPP, and osmotic fragiliy 
is increased in severe HE and in HPP. The osmotic grades 
ektacytometry profile is altered, particularly in HPP paties’s 
A suspected diagnosis of SAO is easily confirmed 
detecting the presence of the characteristic heterozye 
27-base-pair deletion in the SLC4A/ gene using the per 
merase chain reaction (PCR). Research-oriented laborsees 
offer targeted NGS to identify the underlying gene mutans 
in HE and HPP and provide a molecular genetic diagnes™ 


Treatment 

Patients with compensated mild HE and no splenomee? 
have a benign disorder and require no therapeutic 

tion. Severe HE and HPP cases usually require blood - 
fusions and benefit from splenectomy. Patients wit 
infantile poikilocytosis should be recognized and vaacoel | 
symptomatically, because they will improve spo" sae ! 
with the development of a clinical picture indistin 
from mild HE, | 


Disorders of Red Cell Hydration oot | 
Hereditary Hydrocytosis and Hereditary Xe" “4 
This is a eneous group of rare disorders sie e 
by alterations in the permeability of the red cel! m°™ BC 
cations, which affects the level of hydration of Fg 
Two main clinical and morphological sy ndromes bs" | 


s" 


ai hereditary hydrocytosis (stomatocytosis), in which 
RBC are swollen (Fig. 9-12), and hereditary xerocyto- 
the in which the RBC are markedly dehydrated (Fig. 9-13). 
sis, jntermediate syndromes have been identified, but 


sneer not considered here. 


ey and Epidemiology 
pet ders are inherited in an autosomal dominant fashion. 


molecular Defects and Pathophysiology 
‘An important determinant of the water content of red cells 
js the total intracellular concentration of the monovalent cat- 
‘i ‘and potassium. To maintain osmotic equilibrium, 
5 's cells in which the total cation content is increased, 
leading to swelling and hydrocyte formation. In contrast, a net 
Joss of cations results in a movement of water out of the cell 
1 formation of dehydrated cells (xerocytes). 
‘ Overhydrated hereditary stomatocytosis, also known as 
Y y hydrocytosis, is characterized by a marked passive 
sodium leak, which increases the sodium and water content of 
Ii and causes macrocytosis.''*' In most patients there is 
either a lack or very low levels of stomatin, an integral RBC 
membrane protein. However, no gene mutations have been 
und, and stomatin knockout mice are normal. Causative het- 
erozygous missense mutations have been documented in the 
transmembrane domain of Rhesus-associated glycoprotein 
Which is a component of the AE] macromolecular 
plex and functions as an ammonium and/or CO, transporter. 
hallmark of hereditary xerocytosis is a potassium leak 
he ted cells that is not accompanied by a proportional 
¢ f sodium. Consequently, the net intracellular cation con- 
cell water content are decreased, and the RBC are 
ated.'"*! It is a heterogeneous disorder typically caused 
ms in the PIEZO] gene or the KCNN4 gene in a 
"Of patients. PIEZO1 is a mechanosensitive cation 


“On 2 


URE 9-45 
wh hereditary Micrograph of peripheral blood smear from a patient 
{2 fred cet, 


hydrocytosis (stomatocytosis). Note the high percent- 
a central slit of pallor, (From Bell, A. Hematology. In: 
4 ti Bethesda, MD: Health and Education Resources, 
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FIGURE 9-13 Photomicrograph of peripheral blood smear from a patient 
with hereditary xerocytosis. Note the characteristic target cells and cells with 
hemoglobin concentrated on one side of the cell, indicated by black arrows. 


channel activated by mechanical stimuli encountered by RBC 
as they navigate narrow capillaries and splenic sinusoids. 
Most of the mutations are missense mutations that activate 
PIEZO1 and increase cation efflux. KCNN4 is a calcium- 
activated K* channel, known as the Gardos channel, and 
mutations affect the channel kinetics.'!*! 


Clinical Manifestations 

Moderate to severe anemia is present in cases of hereditary 
hydrocytosis, and jaundice and splenomegaly are common fea- 
tures. Hereditary xerocytosis patients show significant clinical 
variation but typically present with mild to moderate compen- 
sated anemia, often with splenomegaly. In both disorders, there is 
a tendency toward iron overload regardless of transfusion history. 


Laboratory Testing and Results 

Red Cell Indices The MCHC is decreased in hereditary 
hydrocytosis, and the MCV is elevated up to 150 fL in severe 
cases, reflecting macrocytosis. In hereditary xerocytosis, 
the MCHC is increased, reflecting cellular dehydration, and 
the MCV is frequently mildly increased, possibly due to an 
elevated reticulocyte count. 


Morphology of Peripheral Smear The characteristic mor- 
phological features of hereditary hydrocytosis are a tendency 
toward macrocytosis and the presence of stomatocytes and 
occasional spherocytes on the peripheral smear, Stomatocytes 
are RBC with a central slit or stoma and a bowl-like appear- 
ance (Fig, 9-12). In hereditary xerocytosis, target cells are 
present, reflecting the greater surface-to-volume ratio of these 
cells, Small spiculated echinocytes and cells with hemoglobin 
concentrated in one part of the cell (puddled) are also features 
of hereditary xerocytosis (Fig. 9-13). 


Special Laboratory Tests 

RBC sodium concentration is markedly elevated and potassium 
concentration is decreased in hereditary hydrocytosis. Total 
monovalent cation content is increased. Osmotic fragility is 
increased due to the decreased surface-to-volume ratio and 
many of the hydrated RBC approach their critical hemolytic 
volume and have limited deformability. The osmotic gradient 


i >. 
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ektacytometer profile is shifted to the right, reflecting over- 
hydration. In contrast, RBC in hereditary xerocytosis have 
a markedly decreased potassium concentration, whereas 
sodium concentration may be normal or increased, and total 
monovalent cation concentration is slightly reduced. Xero- 
cytes are resistant to osmotic lysis, reflecting the increased 
surface-to-volume ratio, The osmotic gradient ektacytometry 
profile is shifted to the left indicative of cellular dehydration 
and reduced deformability, 


SUMMARY CHART 


¢ Hemolytic anemias are caused by intracorpuscular or 

extracorpuscular defects. 
Hereditary abnormalities of the red cell membrane 

are intracorpuscular defects, 

¢ The most frequently used tests reflecting increased red 
cell destruction is the serum unconjugated (indirect) 
bilirubin and serum haptoglobin determinations. 

e Areticulocyte production index (RPI) greater than 
2.5 is indicative of hemolysis. 


The RPI is calculated by the following equation: 


re % Reticulocytes Yo Hematocrit 
Reticulocyte maturation time 45% 


e Asystematic step-wise approach is optimal to diagnose 
the type of hemolytic anemia. 


e The red cell membrane skeleton consists of structural 
proteins, a- and B-spectrin, which form heterotetram- 
ers that are linked together in horizontal interactions by 
actin and protein 4.1R. 

The major integral red cell membrane protein is the 
anion exchanger 1 (AE1). 

Ankyrin is the main linker protein connecting the 
skeleton to the phospholipid bilayer by vertical interac- 
tions with B-spectrin and AE1. 


CASE STUDY 9-1 


A 40-year-old woman presented to her physician with an 
attack of acute cholecystitis. 

Physical examination revealed a palpable spleen in addi- 
tion to the signs of acute cholecystitis. On investigation she 
was found to have numerous gallstones, 

A routine blood count showed a mild, compensated hemo- 
lytic state: Hb, 13.8 g/dL; Het, 38%; MCV, 80 fL; MCHC, 36.3 
g/dL; reticulocyte count, 7%; polymorphs present; RPI, 3.9, 
The peripheral smear showed moderate numbers of sphero- 
cytes and a few microspherocytes. The Coombs’ test was 
negative. Unconjugated bilirubin was 2.5 mg/dL, and the con- 
jugated bilirubin was 0.5 mg/dL. Haptoglobin concentration 
was less than 10 mg/dL (normal range is 25 to 180 mg/dL), 


Treatment 
Hemolysis is reduced in hereditary hydrocytosig 
after splenectomy, but this procedure increase, pike 
thromboembolic complications and pulmonary h Tit Yr 
Patients with hereditary xerocytosis do not benefit fr DSioy, 
nectomy, presumably because of more generalized ™ Sp), 
tion of these cells. There is a high risk of Postspie. 


thromboses and thus splenectomy is not recommended ¢ 
this disorder. sf 


e The main hereditary hemolytic anemias due to req 
blood cell membrane protein defects are: 

1. Hereditary spherocytosis (HS) 

2. Hereditary elliptocytosis (HE) including heredj- 
tary pyropoikilocytosis (HPP) and Southeast Asian 
Ovalocytosis (SAO) 

3. Hereditary hydrocytosis and hereditary Xerocytosis 

e HS is caused by a deficiency of one of the membrane 
proteins involved in vertical interactions between the 
skeleton and the lipid bilayer. 

e Acombination of the EMA test and the acidified glyc- 
erol lysis test identifies the majority of HS patients. 


e HE and HPP are mainly due to spectrin self-association 
defects that compromise horizontal interactions in the 
membrane. 

SAO is caused by a 27 base pair in-frame deletion in 
the AE1 gene. 

e Hereditary hydrocytosis and xerocytosis are disorders 
of membrane cation permeability which affect hydration 
of the red cell. 


e Targeted next-generation sequencing (NGS) is useful 
to determine the gene mutations underlying the inherited 
red cell membrane disorders. 


Further investigation revealed a positive acidified gl* 
crol lysis test and decreased fluorescence intensity 
incubation of her RBC with eosin 5'maleimide. After 
acute episode had settled, an elective cholecystecto™ 
Was performed, A diagnosis of hereditary sphere 
sis Was made and confirmed in a subsequent study of 
patient’s family when two of her three children were fi : 
to have mild, compensated hemolytic states associated ‘. 
spherocytosis, In View of the risk of recurrence of com 
bile duct calculi, an elective splenectomy was perfom 
6 months later, curing the hemolytic state 


| 
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cE STUDY 9- eee 


4 a Coombs’ test performed on this patient? 
jagnosis of this patient follow the standard 
0s ic protocol? 

f the RBC indices is typically increased in 
spherocytosis (HS)? 


mbs’ test was performed on this patient to deter- 
ether the hemolysis was due to an immunolog- 
yrocess or a nonimmunologic process. 


d woman presented to her physician complain- 
and tiredness on mild exertion. On physical 
was found to have slight scleral icterus and 
enomegaly. A blood count revealed the fol- 
g/dL; Het, 32%; MCHC, 34.3 g/dL; MCV, 
count, 12.0%; shift cells on peripheral 
5.7. The peripheral smear showed about 
S$ with some poikilocytosis consisting of 
d cells and budding elliptocytes. Uncon- 
| was 3.5 mg/dL, conjugated bilirubin, 0.6 
oglobin, 15 mg/dL (normal range is 25 to 
A analysis was normal. Examination of 
ent’s family showed striking elliptocytes 
globin and reticulocyte count in her father 
three children. A diagnosis of mild HE 
molysis was made, and a good response to 
as obtained. 


y was noted by his mother to have slight 
$ and was referred for further investigation. 
hed of some tiredness on exertion but was 
mptom-free. Physical examination showed 
splenomegaly. A blood count showed 
B: Hb, 10.8 g/dL; Het, 29%; MCHC, 37 g/dL; 
Cells, + Teticulocyte count, 10%. Numerous target 
tric Some spiculated cells, and a few cells showing eccen- 
Were eehttation of hemoglobin at one pole of the red cell 
ini 0 the Peripheral smear. The unconjugated bil- 
levels ee ¢l was mildly elevated, and serum haptoglobin 
“osm The There was no hemoglobinemia or 
By decreased, una. The osmotic fragility curve was strik- 
ithe Determination of red cell cation concen- 


leve] ees a markedly decreased red cell potassium 


/L of RBCs (normal is 90 to 104 mEq/L) 
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2. Yes, the diagnosis of this patient followed the standard 
diagnostic protocol. First, the CBC and bilirubin results 
confirmed that there was increased red blood cell 
destruction and production. The Coombs’ test was used 
to determine whether hemolysis was due to an immu- 
nological process or not. The morphology confirmed 
presence of spherocytes. Confirmatory tests were used 
to definitively diagnose HS. 

3. Mean corpuscular hemoglobin concentration (MCHC) 
is typically increased in hereditary spherocytosis (HS). 


QUESTIONS 

1. What parameter(s) is (are) suggestive of effective 
erythropoiesis? 

2. Do the laboratory values presented here indicate 
hemolysis in this patient? 

3. What is the significance of the RPI value? 


ANSWERS 

1. Reticulocyte count and RPI are suggestive of effective 
erythropoiesis. 

2. Yes, the increased reticulocyte count and RPI result indicate 
increased RBC production. The increased bilirubin and 
decreased haptoglobin indicate increased RBC destruction. 
The presence of fragmented cells also indicates hemolysis. 

3. The RPI is a more accurate assessment of the reticu- 
locyte response to hemolytic anemia. It accounts for 
the presence of premature “shift” reticulocytes in the 
peripheral blood that have a longer maturation time. 


and a slightly elevated red cell sodium level of 15 mEq/L 
of RBCs (normal is 5 to 12 mEq/L). Similar findings were 
obtained in the child’s father, who had previously been 
diagnosed at another center as having an “unusual” form of 
anemia. A diagnosis of hereditary xerocytosis was made. 
Splenectomy was not advised, and the child has maintained 
a hemoglobin level varying between 9.5 and 11.0 g/dL over 
the past 2 years. 

QUESTIONS 

1. How can this anemia be classified as indicated by the 
RBC indices? 

What does the decreased osmotic fragility represent? 
Why would a splenectomy not be beneficial in this case? 
Why are these red cells (xerocytes) said to be dehydrated 
with regard to osmotic equilibrium? 


awh 


Continued 
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CASE STUDY 9-3—cont’d 


PART2 Anemias 


ANSWERS 


kt 


#2. 


As indicated by the RBC indices, this anemia would be 
classified as normocytic, hypochromic anemia. 
Osmotic fragility reflects the degree of RBC hemolysis 
that occurs when a sample of blood is subjected 

to osmotic stress, for example, a hypotonic saline 
solution. In this case, xerocytes are resistant to 
osmotic lysis, reflecting the increased surface-to- 
volume ratio. 


REVIEW QUESTIONS 


1. 


What happens when normal donor red cells are transfused 
into a patient with an intracorpuscular red cell defect? 

a. Donor cells are destroyed 

b. Donor cells have normal survival 

c. Depends on the severity of the defect 

d. Depends on the severity of the anemia 


. Which of the following tests is not used to determine 


increased red cell destruction? 

a. Unconjugated (indirect) bilirubin 
b. Serum haptoglobin 

c. EMA test 

d. Lactate dehydrogenase (LDH) 


. An anemic patient investigated for a hemolytic state has 


the following laboratory findings: hemoglobin, 8 g/dL; 
hematocrit, 23%; reticulocyte count, 8%; polymorphs 
on peripheral smear. What is the RPI? 

a. 8 
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Which of the following tests are not used to assist in 
classifying the cause of RBC hemolysis? 

a. Coombs’ test 

b. Morphology of peripheral smear 

c. Osmotic gradient ektacytometry 

d. Iron studies 


Which red cell protein is not part of the membrane 
skeleton? 

a. Protein 4.1R 

b. Anion exchanger-| (AE1) 

c. Spectrin tetramers 

d. Spectrin dimers 

Which of the following RBC membrane protein 
deficiencies does not cause hereditary spherocytosis? 
a. Ankyrin 

b. Protein 4.1R 

c. Protein 4.2 

d. Anion exchanger 1(AE1) 


By. 


Th 


10. 


11. 


Patients with hereditary xerocytosis do not benefit 
splenectomy, presumably because of more Seneralizeg 
sequestration of these cells. There is a high risk of 
postsplenectomy thromboses and thus splenectomy jg 
not recommended for this disorder. 


. RBC in hereditary xerocytosis have a markedly 


decreased potassium concentration, whereas sodium 
concentration may be normal or increased, and total 
monovalent cation concentration is slightly reduced. 


Which of the following laboratory tests would not be 
typical of hereditary spherocytosis? 

a. Increased osmotic fragility 

b. Spherocytes on peripheral smear 

c. Decreased MCHC 

d. Increased RPI 


. Which is the most frequent functional abnormality 


affecting membrane skeleton proteins in hereditary 

elliptocytosis? 

a. Defective binding of spectrin to ankyrin 

b. Defective spectrin tetramer assembly 

c. Defective binding of ankyrin to anion exchanger! 
(AE1) 

d. Deficiency of protein 4.2 


- Which of the following abnormalities is thought to 


Cause the severe fragmentation and microspherocy's 

characteristic of hereditary pyropoikilocytosis? 

a, Susceptibility of spectrin to thermal 
denaturation 

b. Membrane ankyrin deficiency 

c. Unstable membrane lipids 

d. Defective membrane spectrin tetramer assembly 
and spectrin deficiency 


Which of the following findings are not typical ol 
Southeast Asian Ovalocytosis? 

a. A deficiency of anion exchanger-! (AE!) 

b. A deletion of nine amino acids in AE! 

¢. Resistance to infection by malaria parasite 

d. Rigid spoon-shaped ovalocytes 


Which disorder is classified as a disorder of 
membrane cation permeability? 

a. Sideroblastic anemia 

b. Hereditary hydrocytosis 

¢. Microangiopathic hemolytic anemia 

d. Ehlers~Danlos syndrome 


See answers at the back of this book. 
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Hemolytic Anemias 


Intracorpuscular Defects: 
Hereditary Enzyme Deficiencies 
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CHAPTER OUTLINE 


Enzyme Deficiencies: Hexose Other Enzyme Deficiencies of the 
Monophosphate Pathway Glycolytic Pathway Case Study 10-1 
Glucose-6-Phosphate Dehydrogenase Enzyme Deficiencies: Methemoglobin Review Questions 
Deficiency Reductase Pathway References 


Enzyme Deficiencies: Glycolytic 
Pathway 
Pyruvate Kinase Deficiency 


Deficiency 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


10-1 Name the most common glycolytic enzyme deficiency 
associated with the hexose monophosphate shunt or 
pentose phosphate pathway. 


10-2 Name the most common glycolytic enzyme deficiency 
associated with the Embden-Meyerhof pathway. 


10-3 Identify the red blood cell cytoplasmic inclusions 
associated with oxidative denaturation of hemoglobin. 


10-4 List laboratory test results that would suggest a 
deficiency of glucose-6-phosphate dehydrogenase 


(G6PD). 


n 1926, 72 plantation workers in Panama suffered acute hemo- 
| lysis after receiving the antimalarial drug 8-aminoquinoline. 
Subsequent reports from widely scattered geographic locations 
added credence to the relationship of hemolysis, cyanosis, and 
methemoglobinemia with the ingestion of certain antimalarial 
drugs. In 1953, Dacie and associates! evaluated apparently het- 
erogeneous cases of congenital hemolytic anemias that had sey- 
eral common characteristics. There was no detectable abnor- 
mal hemoglobin, the antiglobulin test result was negative, the 
osmotic fragility test was normal, and there were no sphero- 
the peripheral smear. The term hereditary non- 
molytic anemia (HNSHA) was used to describe 
the group, which was later found to be associated with red blood 
cell enzyme abnormalities. Biochemical and molecular studies 
rapidly advanced the further characterization of these anemias. 


cytes seen on 
spherocytic he 
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| 
Methemoglobin Reductase | 


Methemoglobininemia 


Summary Chart 


10-5 Identify a laboratory test result that would indicatea 
pyruvate kinase (PK) deficiency. 

10-6 Name the deficiency that causes hemoglobin to be 
oxidized from the ferrous to the ferric state. 


10-7 Describe the clinical findings in G6PD deficiency. 
10-8 Describe the clinical findings in PK deficiency. 
10-9 Differentiate glycolytic enzyme deficiencies from 
RBC membrane defects and hemoglobinopathies 
10-10 Differentiate between acquired and inherited 
methemoglobinemia. 


The most common anemia in this group !S case | 
deficiency of glucose-6-phosphate dehydr ogenase (Oe 
an enzyme in the hexose monophosphate shunt sl i: 
phosphate pathway. The second most frequen! a 
ciency is that of pyruvate kinase (PK), a” Cat, y oll 
in the Embden-Meyerhof glycolytic path) a 
enzyme deficiencies of these pathways have also bee 


10 
fied. They are variably associated with HNSHA bee 
ly, diagnosing the enzymopathies relied heavily ‘ey log 
ical and laboratory findings. Today, molecular Sipe i 
are used as a first-line diagnostic tool to iden enti 

 O 


mutations. Laboratory testing is directed towal = 
of the specific enzyme deficiency. This chap'! ‘a polc 
key enzymes critically involved in well-know" ™" 


ways such as the glycolytic and pentose phos 


phate P* 


me Deficiencies: Hexose 
tonophosphate Pathway 
We eae sphate Dehydrogenase Deficiency 
‘phosphate dehydrogenase deficiency is the most 
ea) cell enzyme disorder worldwide. It is estimated 
than 500 million people are affected worldwide by the 
sptation. It is widely known as the most common 
Jenzyme defect. A pathological disorder linked to the 
the Fava Bean (Vicia faba) has been identified 
oras, a Greek philosopher and mathe- 


s followers due to identified pathological effects. In 

900s, several physicians located in southern Italy 

diniz identified a series of pathological effects caused 
eating fava beans and coined the term favism to describe 

‘Carson and associates* identified enzyme G6PD 
in 1956 in an individual who developed hemolytic 
the administration of the antimalarial drug pri- 
minoquinoline). The enzyme was first purified 
cells in 1966.* Further progress characterized 
iriants of G6PD by sequencing of amino acids, 

JNA, and sequencing of nucleotides. 

00 biochemical variants of G6PD enzyme have 

ed.’ Recent advances in molecular biology have 
ification of the variants into more than 50 gene 

s.° A deficiency can be caused when there is 

i the volume of enzyme molecules present or a 

hge in the enzyme causes a qualitative change. 

isusually caused by the instability of the G6PD 
by amino acid substitutions.’ G6PD is a vital 
cells. In erythrocytes, the enzyme operates 
imum potential even when put under oxi- 

D has a large volume of reductive potential 

in individuals with a deficiency.” 

Health Organization (WHO) organizes the 
of G6PD deficiency into five classes.’ The 
Will have less than 10% normal enzymatic 

Aronic hemolytic anemia. The class II variant 

~ © zyme deficiency with intermittent episodes 

»YSiS. The class III variant will have 10% to 60% 
yualie activity with intermittent episodes of acute 
pee cts TY variant will feature no enzymatic 

a Olysis. Lastly, the class V variant will dis- 
~~ ©nzymatic activity,’ 


oe, transmitted by a mutant gene located on 
ret ofthe x €.* This gene is located on the telomeric 
was canying chromosome at the Xq28 locus.° Hemizygous 
[ D mutations on their only X chromosome 
lee 4 88i0n, kee with the mutant gene will exhibit 
% he Pentose biting the source of NADPH able to cat- 
Wo tea  Chtom Phosphate pathway. Females heterozygous 
nae ied with G6PD mutations can result in 

Populations peripherally. One cell popu- 

ty gp CoP deficient while the ie cell population 
tional. This causes variation in enzymatic 
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activity and associated observed conditions. The expression 
of G6PD deficiency varies markedly among heterozygotes, 
which is explained in part by the X-inactivation hypothesis.* 
In females, one of the two X chromosomes (maternally or 
paternally derived) becomes randomly inactivated in each cell 
of the early embryo. Thus, each somatic cell in a heterozygote 
expresses either one or the other G6PD allele (Gd). The ratio 
of the two cell types may vary widely, not only in different 
individuals but also among different tissues even within the 
same individual.* 

The highest incidence of G6PD deficiency occurs in the 
darkly pigmented racial and ethnic groups, and the geographic 
distribution is primarily resigned to tropical, subtropical, and 
Mediterranean areas. However, G6PD variants can be found in 
the Middle East, North America, and northern European coun- 
tries.5 The highest prevalence of G6PD deficiency is found in 
Africa and the Middle East with hot spots in the Mediterra- 
nean and Asia. While most locations exhibit a wide range of 
disease severity and varying distributions, the Kurdish Jews 
are the most affected population (60% to 70%), whereas the 
most severe variants are found in Mediterranean populations.* 
People with African American and Mediterranean decent con- 
tain the highest prevalence of G6PD variants in the United 
States. In the African American population, 24% are carriers 
(heterogeneous) with normal levels of G6PD; subsequently, 
10% to 14% of males express an abnormal variant.° Of these 
African Americans, | out of 4 affected males have normal 
G6PD levels while 10% exhibit clinical abnormalities.*” 

Normally active G6PD, type Gd B, is the most common 
form of the enzyme in all populations and exists in 99% of 
whites in the United States. Another variety of the G6PD 
enzyme, Gd A+, is commonly found in Africans, which has 
normal activity but differs from Gd B by a single amino acid 
substitution that alters its electrophoretic mobility.’ The Gd 
A+ variant is found in about 20% of African men.’ Among 
African Americans who possess the Gd A+ gene, there is 
a reduced activity variety, designated Gd A-, which can be 
demonstrated in 15% to 39% of the men."° Gd A- is the proto- 
type of the mild form of G6PD deficiency.’ 

Among whites, G6PD Mediterranean (G6PD Med) is the 
most common abnormal variant, although the overall preva- 
lence is low. Among Kurdish Jews, however, the incidence of 
G6PD Med may be as high as 60% to 70%.’ G6PD Med (also 
known as G6PD B-) is the prototype of a more severe enzyme 
deficiency associated with acute hemolytic anemia, including 
favism.” The variant Gd Canton is more commonly found in 
native people of Southeast Asia and China. There is a high 
frequency of G6PD deficiency in the Middle East.* Approx- 
imately 16% of neonatal jaundice in Iraq is related to G6PD 
deficiency, whereas neonatal jaundice is rarely attributed to 
G6PD deficiency in the United States."' The type of G6PD 
variant found in selected populations is listed in Table 10-1, 

The variants have been generally designated by geographic 
names. With the use of modern techniques of molecular biol- 
ogy, these variants have been reclassified in terms of the exact 
sites of nucleotide substitutions, Using this nomenclature 
Gd A+ would be designated as G6PD A%”® to indicate the 
presence of guanine at nucleotide 376," 
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TABLE vi * a8 ; 
ABLE 10-1 Distribution of Common G6PD Variants 


Enzyme Type 


Gd B (normal variant) 


Gd Med (also known as Gd B-) Whites (Mediterranean area) 
Gd A+ (normal variant) Blacks (~16% of African Americans) 


Gd A- Africans 
Gd Canton 


Asians 


ag than H W variants have been identified involving the 
” nzyme, Most of these variants involve single base 

anges causing amino acid replacements. These single point 
mutations have been documented multiple times in varying 
geographic locations. This indicates the origin is unlikely to 
be from a common ancestor, and new mutations are inde- 
pendently emerging.'* The most common G6PD mutations 
seen today are the Mediterranean variant 563C—T that exhib- 
its a high frequency (97%) in the Middle East, Mediterranean, 
and Indian subcontinents.'? African A- variant 202G—A ‘: 
seen most often in the Arabian Mediterranean countries with 
46% frequency seen in Algeria.'* 


METHEMOGLOBIN 
FIGURE 10-1 Red cell metabolic path- Sapte 
ways. The nucleated red cell depends Hemoglobi 
almost exclusively on the breakdown fh Methemoglobin) [rl Vy 


of glucose for energy requirements. 
The Embden-Meyerhof (nonoxidative 
or anaerobic) pathway is responsible 
for most of the glucose utilization 

and generation of ATP. In addition, 
this pathway plays an essential role in 
maintaining pyridine nucleotides in 

a reduced state to support methe- 
moglobin reduction (the methe- 
moglobin reductase pathway) and 
2,3-bisphosphoglycerate synthesis (the 
Luebering-Rapaport pathway). The 
phosphogluconate pathway couples 
oxidative metabolism with pyridine 
nucleotide and glutathione reduction. 
It serves to protect red cells from envi- 
ronmental oxidants. 


pathogenesis 


G6PD is a cytoplasmic enzyme capable 

first reaction of the hexose Seeghority Ft talyzing the 
tose phosphate) aerobic glycolytic pathway. This say" ®* 
been called a shunt because it involves some sar 
glycolytic pathway and therefore has been Sec ey 
of glycolysis. Oxidative catabolism of glucose j 
nied by reduction of nicotinamide adenine “ 
phosphate (NADP+) to the extramitochondrial « 
nicotinamide adenine dinucleotide phosphate a 

(Fig. 10-1). NADPH is required by erythrocytes, site” 
the counterbalance of oxidative stress triggered +4 
oxidative agents and protects the hemoglobin ml , 
tive denaturation. NADPH also allows for the be 
of the reduced form of glutathione (GSH). GSH js essen 
to reduce hydrogen peroxide and oxygen radicals aie 
glutathione is also used for hemoglobin maintenance | 
other proteins. Lacking mitochondria, the pentose shins | 
pathway is the erythrocytes’ only available source of NADPY 
For the erythrocyte without G6PD, oxidative stress resulting 
in lysis is imminent. The sequence of biochemical reactions 
shown in Figure 10-2 occur within the normal RBC wih 
adequate levels of appropriate enzymes and substrate 
prevent the accumulation of intracellular oxidants. 


of 
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PATHWAY 
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on A. RBC + infection or oxidant ———— dg 
rae 
i Glutathi 
n B. HO, + 2GSH (reduced glutathione) ——ETIOne peroxidase, GSSG (oxidized glutathione) + 2H,O 
Glutathione red 
©. GSSG + NADPH (reduced form) + Ht TOTS RUASS® > 2GSH + NADP* (oxidized form) 


lucose-6-phosphat +_Glucose-6-phosphate 
° iis eee SADE “dehydrogenase > &-PG (6-phosphogluconate) + NADPH + H* 


FIGURE 10-2 Reactions with erythrocytes to prevent accumulation of oxidants. 
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‘0 severe hemolytic episode. A deficiency of GSH 

xidative destruction of certain erythrocyte compo- 

ding sulfhydryl groups of globin chains and the 
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es) (Fig. 10-3). The cells lack normal deforma- 
fhydryl groups are oxidized and consequently 
ties passing through the microcircula- 
destruction of the cells results when they 

ilar lysis or are sequestered and destroyed 
m. This early destruction may some- 
lin the peripheral blood smear with the 

fall, condensed, bite- or helmet-shaped red 
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Drugs and Chemicals Associated with Hemo- 
&mia in G6PD Deficiency he ale 
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Doxorubicin * Phenazopyridine 
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fivity of G6PD is highest in young erythrocytes and _ 6 
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il to maintain adequate levels of GSH. FIGURE 10-3 Heinz bodies, using peripheral blood from a patient with 


FIGURE 10-4 Peripheral blood smear from a patient with a G6PD deficiency. 
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8 In addition, more than 50 chemical agents oD) 3 & 
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The fava bean contains up to 2% of beta-glucosides.'4 


Ntfrantoin bilhar) + Thiazolesulfone Consumption of fava beans when the cells are G6PD defi- 
Notfloxacin Furadantoin) + Toluidine blue cient causes the pyrimidine glycosides, vicine and conyi- 
+ Trinitrotoluene (TNT) cine, to undergo hydrolysis during digestion.'* This further 


ta "al Orga 
athe, Glucoseg pre for Rare Disorders (NORD). Rare Disease 


causes the release of divicine and isouramil, responsible 
for increasing the activity of the hexose monophosphate 


Irtediseases Sphate Dehydrogenase Deficiency. Available yt ™ 
rchithogenare 019/rare-diseases/glucose-6-phosphate- shunt.'* This increased activity promotes the erythrocyte 
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ABLE 10 1 Distribution of Common G6PD Variants 


rue) Population Js ally Asso ted 
Gd B (normal variant) | 


G 
id Med (also known as Gd B—) _ Whites (Mediterranean area) 


Blacks (~16% of African Americans) 


Gd At (normal variant) 
Gd A- 
Gd Canton 


Africans 


neMore than = 8 variants have been identified involving the 
on eth Most of these variants involve single base 
g using amino acid replacements. These single point 
mutations have been documented multiple times in varying 
ahaa locations. This indicates the origin is unlikely to 
m a common ancestor, and new mutations are inde- 
pendently emerging.'* The most common G6PD mutations 
seen today are the Mediterranean variant 563C—T that exhib- 
its a high frequency (97%) in the Middle East, Mediterranean 
and Indian subcontinents.'* African A- variant 202G—4A 5 
seen most often in the Arabian Mediterranean countries with 
46% frequency seen in Algeria.” 


METHEMOGLOBIN 
REDUCTASE 
PATHWAY 


Hemoglobin 
¥Methemoglobin) [a] 


FIGURE 10-1 Red cell metabolic path- 
ways. The nucleated red cell depends 
almost exclusively on the breakdown 
of glucose for energy requirements. 
The Embden-Meyerhof (nonoxidative 
or anaerobic) pathway is responsible 
for most of the glucose utilization 

and generation of ATP. In addition, 
this pathway plays an essential role in 
maintaining pyridine nucleotides in 

a reduced state to support methe- 
moglobin reduction (the methe- 
moglobin reductase pathway) and 
2,3-bisphosphoglycerate synthesis (the 
Luebering-Rapaport pathway). The 
phosphogluconate pathway couples 
oxidative metabolism with pyridine 
nucleotide and glutathione reduction. 
It serves to protect red cells from envi- 
ronmental oxidants. 


Pathogenesis 

G6PD is a cytoplasmic enzyme capable of cataly,i 
first reaction of the hexose monophosphate Shecer 
tose phosphate) aerobic glycolytic pathway. This AG 
been called a shunt because it involves some Pedr Way 
glycolytic pathway and therefore has been viewed 7, _ 
of glycolysis. Oxidative catabolism of glucose js mt Shunt 
nied by reduction of nicotinamide adenine dig 
phosphate (NADP+) to the extramitochondrial ee 
nicotinamide adenine dinucleotide phosphate (N ADP 
(Fig. 10-1). NADPH is required by erythrocytes, as jt Chab 


the counterbalance of oxidative stress triggered by seven) 
oxidative agents and protects the hemoglobin from hae 3 
tive denaturation. NADPH also allows for the ate 


of the reduced form of glutathione (GSH). GSH is essentig) 
to reduce hydrogen peroxide and oxygen radicals. Reduced 
glutathione is also used for hemoglobin maintenance ang 
other proteins. Lacking mitochondria, the pentose phosphate 
pathway is the erythrocytes’ only available source of NADPH. 
For the erythrocyte without G6PD, oxidative stress resultin 
in lysis is imminent. The sequence of biochemical reecia 
shown in Figure 10-2 occur within the normal RBC wih 
adequate levels of appropriate enzymes and substrate to 
prevent the accumulation of intracellular oxidants. 
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: Reaction C. GSSG + NADPH (reduced form) + Ht 
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oxidative destruction of pecan erythrocyte compo- 
including sulfhydryl groups of globin chains and the 
membrane." In addition, more than 50 chemical agents 
luce hemolysis in G6PD-deficient erythrocytes. The 


: hemolytic episode results when G6PD-deficient 
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tation of irreversibly denatured hemoglobin 


sulfhydryl groups are oxidized and consequently 
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Reaction A. RBC + infection or oxidant. ————________ H,0, 
Reaction B. H,O, + 2GSH (reduced glutathione) Glutathione peroxidase 


Glutathione reductase 


GSSG (oxidized glutathione) + 2H,0 
2GSH + NADP* (oxidized form) 


$e-6-pho: +__Glucose-6-phosphate 
Reaction D. G-6-P (glucose-6-phosphate) + NADP Seiecaiyarcernses ne rOoenane 6-PG (6-phosphogluconate) + NADPH + H* 


FIGURE 10-2 Reactions with erythrocytes to prevent accumulation of oxidants. 
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FIGURE 10-3 Heinz bodies, using peripheral blood from a patient with 
G6PD deficiency, stained with the supravital stain, crystal violet. 


o 
a. | 


FIGURE 10-4 Peripheral blood smear from a patient with a G6PD deficiency. 
Note the small, condensed “bite” or “helmet” cells. 


ADVANCED CONTENT 


The fava bean contains up to 2% of beta-glucosides.'4 
Consumption of fava beans when the cells are G6PD defi- 
cient causes the pyrimidine glycosides, vicine and convi- 
cine, to undergo hydrolysis during digestion."* This further 
causes the release of divicine and isouramil, responsible 
for increasing the activity of the hexose monophosphate 
shunt.'* This increased activity promotes the erythrocyte 
hemolysis seen in G6PD-deficient patients. 


212 PART2 Anemias 


Hemolytic anemia that occurs in G6PD deficiency after 
ty consumption of fava beans is referred to as favism 
(Fig. 10-5). Favism is found in some individuals with G6PD 
deficiency of the Mediterranean and Canton types." 


Clinical Findings 


Most individuals with G6PD mutations are asymptomatic. If 
Symptoms manifest from the mutation, it is likely in the form 
of hemolytic anemia brought on by oxidative stress.'* Under 
ordinary circumstances, it is possible for erythrocytes to sur- 
vive and function normally with only 20% G6PD enzymatic 
activity.* Newborn babies with severe neonatal jaundice and 
Mediterranean or African ancestry should be tested for G6PD 
deficiency. Neonate jaundice presents similar to physiological 
jaundice in 1 to 4 days." This jaundice presentation is later 
than what is typically seen in blood group alloimmunization. 
The mechanism of action causing rapid jaundice in the neonate 
after delivery is not completely understood. Adults with chronic 
nonspherocytic hemolytic anemia should also be tested. 

Presenting symptoms of the disorder are related to the 
severity of the acute or chronic hemolytic episode. After the 
administration of the offending drug, the erythrocyte count 
will decrease 2 to 3 days later due to lysis. This ultimately 
causes a rapid decrease in hemoglobin and hematocrit values. 
The anemia appears as normochromic and normocytic with 
an increase in the reticulocyte count. The patient may expe- 
rience back pain. Hemoglobinuria and jaundice may also be 
evidence of the hemolytic process. The clinical features of the 
two most common variants are compared in Table 10-2. 

Acute hemolysis is clinically indicated by anemia, jaundice, 
fatigue, backpain, increased unconjugated bilirubin, increased 
lactate dehydrogenase, splenomegaly, and an increase in retic- 
ulocytes in G6PD deficiency. A peripheral blood smear stained 
with a Romanowsky stain will indicate the presence of Heinz 
bodies and bite cells. The patient’s urine may be dark, indicat- 
ing hemoglobinuria. Upon microscopic observation, hemoglo- 
bin casts may be seen if acute tubular necrosis occurs. 

The hemolytic episode in Gd A~ is usually self-limiting." 
Young cells that are produced in response to the anemia have 
levels of G6PD that are nearly normal and have better survival 
characteristics. Hemolysis associated with G6PD Med is more 
easily induced, usually more severe, and has been reported to 


FIGURE 10-5 Fava beans. 


TABLE 10-2 Comparison of Clinical Features 
of Gd A- and Gd Med (Gd B-) 


ature 
Cells affected by defect 
Hemolysis with drugs 


Aging erythrocytes Aj g 
Unusual 
Hemolysis with infection Common 


Favism No 


Chronic hemolysis 


Hemolytic disease of 
newborn 


result in death on occasion.® Red blood cell transfusions may. 
indicated for hemolytic episodes in patients with G6PD Med‘ 
Hemolysis of peripheral erythrocytes can be triggered by 
exogenous agents such as infections, consumption of fiw 
faba (fava beans), drugs causing high-oxidative reduction 
potential (such as the antimalarial agent, primaquine), or ay 
metabolic disturbances. Other clinical manifestations ca 
perpetuate hemolysis, such as myocardial infarction and de 
betes. Strenuous exercise has also been documented to cae 
increase hemolysis in patients with G6PD deficiency. Ti 
precise mechanism by which an increase in sensitivity ame 
other clinical manifestations and the amount of oxidatie 
stress that leads to hemolysis is unknown.'* Chronic hea 
lysis in G6PD deficiency can be exasperated by coin | 
erythrocyte alterations, such as pyruvate kinase deficiea) 
thalassemia, and other inherited anemias.'*"’ 


| 


—————— 
CRITICAL THINKING QUESTION 
10-1 G6PD deficiency can cause which type of hemolysis 

affected individuals and what peripheral finding ne 

Cates this? hack 
See answers to all Critical Thinking Questions at the 
of this book. 


if 
Treatment for hemolytic anemia often involves en 
transfusion when the hemoglobin and hematoc"™ fal nt 
gerous levels. Identifying disease-causing mutatis 
challenging in patients who have undergone Cian pcs 
fusions because of the presence of two populations ® 


ay 
edit E- ad 


C 
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deficiency should be suspected after a clinical epi- 
Bee hemolysis after administration of chemical or 
gode of : ts known to cause the reaction in patients 
Sie disorder. Diagnosis of G6PD deficiency hinges on 
with estimated enzyme activity. Quantitative spectropho- 
the 10 analysis can be used to determine the concentration 
sf G6PD by measuring the rate of production of NADPH 


»P. 

frou NAD changes of the nonspecific type include a fall in 
ybin (and hematocrit), hemoglobinuria (urine can turn 
brown to almost black secondary to the presence of hemoglo- 
bin), Heinz bodies in the erythrocytes, evidence of hemolysis 
in the serum, elevated serum bilirubin levels, and markedly 
decreased or absent haptoglobin levels. Generally, there 
are no significant alterations in leukocyte or platelet counts 
or function. 

" Laboratory investigation of hemolytic anemia when there 
iseyidence (family history, drug sensitivity, or both) of G6PD 
deficiency may include several screening procedures. The 
oxidative denaturation of hemoglobin results in the formation 
of Heinz bodies. In individuals with G6PD deficiency, the 
bonds between the heme and globin are oxidized. The heme is 
tecycled, and the globulin chains are denatured forming a ball 
that sticks to the outer membrane of the erythrocyte. These 
Small particles of precipitated denatured globulin chains 
tan be Visualized by supravital staining using certain basic 
Gessuch as crystal violet (see Fig. 10-3). Heinz bodies will 


cell periphery. They are not seen with Romanowsky 
Such as Wright’s stain, preventing them from being seen 
pheral thin prep slide. Although Heinz bodies may be 
Some other enzyme deficiencies, some unstable ane- 
= capable of forming Heinz bodies after the incubation 
2 €s at 37°C for 48 hours. 
i test procedures that may be used to screen for G6PD 
include the methemoglobin reduction test and the 
t. yanide test. In the methemoglobin reduction 
—— «Gep 48 a simple and sensitive screening procedure, 
Deficient erythrocytes fail to reduce methemoglobin in 
Vhich of methylene blue, The ascorbate-cyanide test, 
"Ol specific f Perioxidative denaturation of hemoglobin, is 
ate} Positiy, oF G6PD deficiency, because it will yield moder- 
“stable *Tesults if the patient has PK deficiency or certain 
*itieGepp a. In addition, the fluorescent spot test and the 
When a misty os are positive only with G6PD deficiency." 
Daffy is Mixed Of glucose-6-phosphate, NADP, saponin, and 
Sotvens the N, with blood and placed on filter paper, G6PD 
Ale % ad to its reduced form, NADPH. When the 
i thay fail to Tved under fluorescent light, those erythro- 
Sopp) will ct NADP to NADPH (i.e., are deficient 
itt cxtoch 8ck fluorescence. Flow cytometry based on 
Mical staining of reduced tetrazolium salts has 
“4 differentiating G6PD from other disorders. 
tive peo labor intensive and time consuming. 
of req ay Of G6PD is based on the measurement 
iS the wo” °f NADP to NADPH measured at 
* Bold standard for G6PD diagnosis.'* G6PD 
Wdentified via electrophoretic methods. 
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Heterozygous females contain two cell populations periph- 
erally, causing varying degrees of functional G6PD enzy- 
matic activity. A single blood sample should contain both cell 
populations. Testing a heterogenous sample will provide an 
average of both deficient and sufficient red cell populations. 
This can provide falsely normal readings when biochemical 
assays are used. As many as 50% of heterozygous females 
are misclassified as “normal” when biochemical testing is per- 
formed.'*'? Currently, there is no reliable biochemical assay 
to detect G6PD heterozygotes. When testing at-risk hetero- 
zygous populations, a DNA analysis should be performed to 
correctly identify a G6PD deficiency. 

False results may also occur when attempting to determine 
the concentration of G6PD enzymatic activity during an acute 
hemolysis episode. Elevations in reticulocytes or testing of 
neonates may also produce false results, as immature eryth- 
rocytes produce greater amounts of G6PD than mature cells.” 

Common mutations can be identified using restriction enzyme 
analysis after PCR (polymerase chain reaction) amplification. 


Enzyme Deficiencies: Glycolytic Pathway 
Several hereditary enzyme deficiencies have been described 
in the RBC glycolytic pathway (Embden—Meyerhof glyco- 
lytic pathway). Most of these glycolytic enzyme deficiencies 
are inherited autosomal recessive and do not demonstrate any 
abnormal RBC morphology. This differentiates them from 
RBC membrane defects and hemoglobinopathies, which do 
have specific abnormal RBC morphology associated with the 
specific disease (see Chapters 9 and 11). These inherited glyco- 
lytic enzyme deficiencies generally cause chronic nonsphero- 
cytic hemolytic anemia (CNSHA), which vary in the degree 
of severity. The ability to compensate for anemia caused by the 
hemolysis is reflected in the increased production of RBCs in 
the bone marrow and reticulocytosis. Reticulocytes still have 
cytoplasmic organelles and are capable of protein synthesis 
and oxidative phosphorylation leading to ATP production. 
Several enzymes including pyruvate kinase (PK), hexokinase 
(HK), and aldolase have a much higher activity in reticulocytes 
and are often termed the “age-related” enzymes.*! 


Pyruvate Kinase Deficiency (PKD) 

Pyruvate kinase deficiency is a rare congenital hemolytic ane- 
mia with a diverse phenotype and wide spectrum of severity. 
In 1954, Selwyn and Dacie observed a connection between 
defective glycolysis and hemolytic anemia. They identified a 
relationship between patients with congenital nonspherocytic 
hemolytic anemia (CNHSA) and an increased rate of in vitro 
hemolysis when defibrinated blood was incubated in the pres- 
ence of glucose. Varying degrees of hemolysis patterns were 
reported. When tested in the lab, some samples demonstrated 
a reduction in the rate of autohemolysis when ATP was added 
to samples from patients with decreased erythrocyte ATP and 
increased 2,3 bisphosphoglycerate (2,3-BPG).?! 

In 1960 DeGruchy and associates” reported that some 
patients with hereditary nonspherocytic hemolytic anemia 
(HNSHA) had elevated RBC concentrations of 2,3-BPG_ This 
elevation suggested a block in anaerobic glycolysis fy rthes 
down the pathway (see Fig. 10-1). Multiple families exhibiting 
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CNSHA were assayed for the erythrocytic activity of glycolytic 
enzymes.” The enzyme was identified in 1961 when a severe 
deficiency of red blood cell pyruvate kinase (PK) was found in 
three patients with HNSHA PK catalyzes one of the reaction 
steps in the Embden-Meyerhof pathway of anaerobic glycoly- 
Sis. Pyruvate kinase is a key regulator in glycolysis through the 
conversion of phosphoenolpyruvate (PEP) into pyruvate. 

Because mature red blood cells lack mitochondria, they 
are dependent on anaerobic glycolysis for the generation of 
adenosine 5’-triphosphate (ATP). The diminished capacity to 
generate ATP in PK-deficient red blood cells results in cell 
membrane fragility and a hemolytic anemia. 

Since its discovery, more than 300 pyruvate kinase gene 
(PKLR) mutations have been attributed to PKD, and many of 
these were cases of variant enzymes with different biochem- 
ical characteristics.>* The nucleotide sequence of cDNA for 
the human PK gene and sequence of several of the mutations 
that cause HNSHA have been described.25 PK deficiency is 
the most common enzymatic disease involving the anaero- 
bic glycolytic pathway of the red blood cell. Together, G6PD 
deficiency and PK deficiency constitute the majority of 
HNSHA cases arising from erythrocyte enzyme deficiencies. 


> ADVANCED CONTENT 


_ Pyruvate kinase deficiency has proven difficult to diag- 
' nose.°?? Autosomal recessive erythrocyte disorders are 
_ likely not indicated by family history. Hemolytic disorders 

often require transfusions for supportive therapy. Mixed 
_ cell populations, PK deficient patient cells with healthy 
_ donor cells, cause an incorrect interpretation of biochemi- 
_ cal tests. The Human Genome Mutation Database (HGMD) 

and a recent study of over 250 PKD patients from around 
- the world in the “Pyruvate Kinase Deficiency Natural 
| History Study (PKD NHS)” continue to correlate and add 
to the list of confirmed mutations of the PKLR gene. 


Mode of Inheritance 

Pyruvate kinase deficiency (PKD) demonstrates an autosomal 
recessive inheritance pattern encoding erythrocyte PK on the 
1g21 chromosome.” True homozygotes are rare and restricted 
to children of consanguineous mating. The most common 
mode of inheritance is that of double heterozygosity, This is 
when two mutant variants of the PK enzyme are simultane- 
ously inherited from each parent, making genotype-pheno- 
type correlations challenging.””**” There are now 371 PKLR 
gene variants associated with PKD.” The clinical symptoms 
of PKD are observed both in true homozygotes and in double 
heterozygotes for the PK gene.””°° 


> ADVANCED CONTENT 
Of the known mutations, 70% to 80% are missense substi- 
tutions. A missense mutation is when the change of a sin- 
gle base pair causes the substitution of a different amino 
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acid in the resulting protein. A nonmissense Mutation; 
"substitution of a single base pair that leads to Fe i th 
"ance of a stop codon where previously there yas Ris 
- specifying an amino acid. The presence of t 
/ stop codon results in the production of a g 
"likely nonfunctional, protein. Homozygotes express a 
“of pyruvate kinase, whereas heterozygotes Express 4p 
+ 60% of pyruvate kinase.””*° Some variants can rein. 
_ mal or near-normal pyruvate kinase activity. Heterzyne 
frequencies exist in 0.15% to 6% of varying Populations» 
Both sexes appear to be affected equally. 
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The PKD mutation exhibits a wide geographic distribution, 
with most of the cases reported to date in northern Europe, iy 
United States, and Japan.*° Other cases have been Teporal 
in Australia, Canada, China, Costa Rica, Hong Kong, Ith, 
Mexico, the Near East, New Zealand, the Philippines, Say 
Arabia, Spain, and Venezuela.”?“° 


ADVANCED CONTENT 


Inherited metabolic deficiencies have a wide geograptt 
distribution, having the highest concentration in at 
overlapping with geographic regions endemic with malant 
Research suggests evolutionary benefits to those individe 
als whose genes contain mutations for metabolic deficit 
cies that affect the erythrocyte.®” Current research rep 
enhanced phagocytosis of the parasitized erythrocylt ® 
individuals who have heterozygous or homozygous m™* 
tions for pyruvate kinase deficiency.*! The malarial pas 
is unable to replicate in erythrocytes with a pyruvate re 
deficiency in mice.*? Inherited metabolic mutations ™)" 
evolving under the selective pressure of malaria. 


PKD has a worldwide geographical distribution Ve 
estimated prevalence ranging from | to 5 per 100,00" cide 
Caucasian population,”® but this does not include ii v 
nosed PKD, The Pennsylvania Amish have a higher i i" 
of PK deficiency, which has been traced back toasiN? ; 
grant couple,” In affected families, consanguinity i. 4 
Thus, the PK deficiency in the Amish population Ee 
of a true homozygote condition.” 


Pathogenesis 


; E gel d 
Ss used for the modulation of hemoglobin XY yctio” 
1 $ 77 
NADH is used by the erythrocyte for enzymall i 
methemoglobin, necessary for cellular functio” 


4 


inase catalyzes the conversion of phosphoenolpy- 
to pyruvate. This step is vital for the erythrocyte 
the ATP required for cellular function. PK 
ults in a decreased capacity to generate necessary 
10-1 and Chapter 2). The ATP-requiring mem- 
that maintain the proper electrochemical gradients 
with decreasing concentrations of ATP. This results 
oss with cell shrinkage, distortion of cell shape, 
membrane rigidity.*! These membrane abnormal- 
premature destruction of the red blood cells in the 
with consequent anemia. It has been shown that 
reticulocytes consume six to seven times more 
n normal reticulocytes.” In most cells, the drop in 
tion because of a block in the glycolytic pathway 
npensated for by oxidative phosphorylation, but 
y is lost in red blood cells as they mature and they 
dria. Pyruvate kinase deficiency leads to ATP 
ch affects the viability of the erythrocyte. 
fully utilize glycolytic pathway intermediates 
successful completion of the glycolytic pathway 
in accumulation of components such as 2-phospho- 
3-phosphoglycerate, 2,3-BPG and PEP Accu- 
such as 2,3-BPG further contributes to 
of the glycolytic pathway as it inhibits hexoki- 
d 2.3-BPG causes a rightward shift in the oxy- 
on curve of hemoglobin in erythrocytes, allowing 
to be tolerated in those with mild pyruvate 


symptoms of PKD is highly variable, rang- 
ild anemia or fully compensated hemolysis to 
anemia necessitating neonatal exchange 
iduals with PKD can be affected as early as 
elopment. In utero, infants with PKD are 
YY complications such as intrauterine growth 
faturity, and hydrops fetalis.?’*? In the PKD 
tudy, there was no association identified 
notype and the frequency of complications 
newborn.”’ This suggests that the clinical 
th is not predictable. However, all women 
u PKLR variants required transfusion 
Pregnancy, whereas only 43% of women with 
Mutations required transfusions.” After deliv- 
Of neonates experience jaundice with severe 
irubinemia caused by significant hemolysis 
insfusion,2*2? 
PKD patients seen in the Amish population 
Symptoms soon after birth leading to a rapid 
arly infancy? These patients had the highest 
(93%) and the highest rate of certain com- 
Children and ing extramedullary hematopoiesis.”® 
1 €apeticnce adults with known pyruvate kinase deficiency 
Ssta 4 wide range of symptoms and clinical mani- 
Ripa. ing chronic hemolytic anemia, jaundice, bil- 
Splenomegaly, and iron overload. Children 


© Significant anemia may require regular trans- 
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Symptoms experienced by those with pyruvate kinase defi- 
ciency are often exacerbated by acute infections, pregnancy, 
or stress. Supplemental treatment for PKD often involves 
the removal of the spleen. Hemoglobin results before sple- 
nectomy often range from 6.5 to 11.0 g/dL. Postsplenectomy, 
hemoglobin often increased by 15 g/L.% In severe PKD, 
transfusions are common. Eighty-four percent of patients 
with PKD will have been transfused at least once in their 
lifetime.% Patients do experience iron overload regularly. 
Supportive therapy involves chelation of the iron from the 
body. As is true with all chronic hemolytic disorders, there 
is an increase incidence of pigmented gallstone formation in 
patients with PKD.?’”? 

With an improved understanding of the relationship 
between genotype and clinical features, genetic testing has 
been recommended to assist in determination of expected 
prognosis and development of an individualized monitoring 
plan. Consensus guidelines on the diagnosis of PK deficiency 
recommend diagnostic confirmation with genetic testing.*° 


Laboratory Testing and Results 

The peripheral blood smears of patients with PK deficiency 
typically show a normochromic, normocytic anemia with 
varying degrees of reticulocytosis, ranging anywhere from 4% 
to 11%.?” Spleens are often removed once a diagnosed child 
has reached the age of five years old. Postsplenectomy, 
reticulocytes increase anywhere from 20% to 70%.77 Rapid 
increases in reticulocytes are due to longer peripheral circula- 
tion due to the removal of the spleen. 

Ordinary erythrocyte morphology is usually demon- 
strated, but as many as 5% to 20% of echinocytes can be 
observed.” Erythroblasts may be observed on a peripheral 
blood smear in severe cases of PKD. Accelerated erythropoi- 
esis may result in polychromasia, poikilocytosis, anisocyto- 
sis, and nucleated red blood cells. Both the hemoglobin and 
the hematocrit levels are below normal. The serum usually 
has a moderate increase in unconjugated bilirubin, and the 
haptoglobin level is decreased or absent.** Other results such 
as indirect hyperbilirubinemia will demonstrate results such 
as 60 umol/L and ferritin >1,000 ug/L unless on a chelation 
protocal.***’? PKD patients will likely exhibit normal lactate 
dehydrogenase, even though this is a marker often used for 
intravascular hemolysis. 

Several screening tests may be used to distinguish the 
nonspherocytic anemia of PK deficiency from the anemias 
of hereditary spherocytosis and the unstable hemoglobinopa- 
thies.’ These tests are nonspecific and serve only as a mecha- 
nism for classifying the type of anemia. 

Screening tests may include the osmotic fragility test and 
the autohemolysis test (see Chapter 9 & 31), as well as the 
antiglobulin test and red blood cell survival tests. Erythro- 
cytes that are PK-deficient have osmotic fragility, which js 
nearly normal when the test is performed on freshly drawn 
blood. If the blood is incubated for a few hours, some patients 
exhibit an increase in osmotic fragility2' Sterile defibrinated 
blood is used to perform the test for autohemolysis. When 
normal erythrocytes are incubated in their own serum at37°C 
they gradually lyse, showing up to 3.5% lysis after 48 hours. 2 


216 PART2 Anemias 


Erythrocytes from patients with nonspherocytic anemias, as 
well as those with hereditary spherocytosis, demonstrate an 
increased amount of autohemolysis.* When glucose is added 
before incubation, erythrocytes from the patient with hereditary 
spherocytosis demonstrate a decreased amount of autohemo- 
lysis.” The addition of glucose does not correct the increased 
autohemolysis of PK-deficient erythrocytes. The antiglobulin 
test in PK deficiency is negative, and the red blood cell sur- 
vival is decreased.?! 

A fluorescence screening test can be used for the presump- 
tive diagnosis of PK deficiency.*4 The test is based on the 
following coupled enzyme assay: 


PEP + ADP + Mg?*PKsnzme _, Pyruvate + ATP 
Pyruvate + NADH + H* “24 - Lactate + NAD* 
(UV fluorescence) (No fluorescence) 


This assay takes advantage of the fact that NADH fluo- 
resces when it is illuminated with long-wave ultraviolet (UV) 
light, whereas NAD does not fluoresce. Phosphoenolpyru- 
vate (PEP), NADH, adenosine diphosphate (ADP), Mg”’, and 
lactate dehydrogenase (LDH) are added to a patient sample 
of blood, which is spotted on filter paper and examined with 
a UV light. If the blood lacks PK enzyme, NADH will not 
be oxidized, and the fluorescence will persist for 45 minutes 
to an hour. If the blood is normal and has the PK enzyme, 
the fluorescence will disappear in 15 minutes, because 
NAD* does not fluoresce.* It should be noted that leukocytes 
contain a PK isoenzyme that will also catalyze the same reac- 
tion. Therefore, blood must be centrifuged and plasma and 
buffy coat removed before testing the erythrocytes.”! In addi- 
tion, patients who have recently been transfused may have 
enough donor cells remaining in circulation to give erroneous 
test results. 

Any abnormal fluorescence spot test should be followed 
with a confirmatory quantitative PK enzyme assay. This 
involves the same coupled reaction mechanisms as previously 
described, but the conversion of NADH to NAD" is measured 
spectrophotometrically at 340 nm under standard conditions. 
Most PK-deficient individuals have 5% to 25% of normal 
activity.*° 

Spectrophotometric assays are used to determine the 
pyruvate kinase activity found in PKD patient erythrocytes. 
Pyruvate kinase enzyme testing, also known as biochemical 
testing, detects the quantifiable presence of pyruvate kinase 
activity in the erythrocyte. Interferences may occur causing 
false negative results. Recent transfusions or increased retic- 
ulocytes can cause false normal results, Patients should not 
be tested for pyruvate kinase activity until 40 days follow- 
ing a transfusion.2** Increased reticulocytes can also cause 
decreased activity to appear as a normal result! The younger 
the erythrocyte’s age, the higher the pyruvate kinase activity. 
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CRITICAL THINKING QUESTION 


40-2 What type of hemolysis is present in patients with PK 
deficiency, and how is this reflected in the peripheral 


blood smear? 


» ADVANCED CONTENT 
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x factors may also contribute to the mae 
ts. Pyruvate kinase exists in various isoforms te Fi 
Mes, 
) Control 
JON Of key & 
hibit a compe | 


_ satory expression of the M2 isoenzyme. 
¢ False-positive results may occur due to se¢p 
pathologies, such as mutations of the Kriippel-like seta | 
- (KLF1) gene. KLF1 is a transcription factor that ebay 
activates genes involved in erythroid cell developmen, | 
Various mutations in the human KLFI gene have bu, 
identified in acute myeloid leukemias and myelodyspia. 


_ syndromes.” 


Mutant PK displaying kinetic abnormalities can exhibit, 
falsely normal or higher pyruvate kinase activity when teste 
in the laboratory. In vivo, these mutant PK do not exhibit sud 
conditions. In such cases, thermal stability testing should b: 
performed. Samples are incubated for 1 hour at 53°C to dete. 
mine whether the pyruvate kinase is a dysfunctional theme 
labile enzyme variant. 

Pyruvate kinase activity results should be reported wil 
units IU/gHb.*#37 No general reference exists for testing. Ts 
is largely due to the temperature dependency of testing. Whi 
it is recommended to test at 37°C, laboratories perform te 
ing at various temperatures. When decreased pyruvate kins 
activity is detected, genotyping of the erythrocyte pyre 
kinase gene (PKLR should be performed to indicate tt 
presence of a mutation and confirm PKD diagnosis Toda 
diagnosis is made on the basis of biochemical or ml 
genomic testing for the PK enzyme. 

Molecular testing, although highly specific 
fective when utilizing a targeted approach. 
genetic analysis arise when mutations occur 
targeted area or when abnormal genes that interact W! 
PKLR gene are abnormal.** 

pathwal 


Other Enzyme Deficiencies of the Glycolyt"* defi 
Although there have been reports of other en) me -jes bat 
cies in the glycolytic pathway, not all such deficien’ re 
been associated with hemolytic anemia. Other report i re 
lytic enzyme deficiencies are summarized I" Table 


: «tad 43 
the prevalence and characteristics are listed: 


| is often int 
Limitations 
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Hexokinase Deficiency co enayme™ f 
Hexokinase (HK) is an important rate-limiting e * «pots 


_ ys Iv? 
Embden-Meyerhof pathway, where the enzyme» Yi 


ne soe! st 
ergy glucose 6-phosphate by MgATP. Hexokinese) joc 
HK-1 and HK-R are encoded by the Sam © 43," 4 
chromosome 10,44! HK-1 is expresse¢ in hee of 
cytes, and fibroblasts.” HK-R is exclusively oft 
erythrocytes, Valentine et al. described the fi ' je 
nase deficiency and its association ith hem? 
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Other Glycolytic Enzyme Deficiencies 


60 families described rs 


Second in frequency to PK 
deficiency 
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Characteristics 


Wide range of severity described from a compensated chronic hemolytic 
anemia to severe neonatal hemolysis and death. Splenectomy is 
generally beneficial to the patient. 


Chronic hemolytic anemia of variable severity. Viral or bacterial 
infections can precipitate hemolytic crises. 


Hydrops fetalis is more common in GP! deficiency than in any other 


100 patients described worldwide. 


Approximately one third of the 
patients are of Jewish descent. 


enzyme deficiency. 


Patients may exhibit a mild hemolytic anemia with or without myopathy 
depending on the RBC PFK isoenzyme deficiency. 


Very rare, 6 deficiencies in 
5 families described. 


Moderate chronic hemolytic anemia, mental retardation, and myopathy. 


40 cases reported 


Neonatal hemolytic anemia with hyperbilirubinemia (usually requir- 
ing an exchange transfusion), progressive neurological dysfunction, 
cardiomyopathy, and infection. Most individuals die in childhood before 
6 years of age. 


33 families reported 


is a rare autosomal recessive disorder. 
s of hexokinase deficiency have been 
known mutations.** Due to the enzyme’s 
sis, a complete loss of HK expression 
etal death. Also, a low prevalence of dis- 
y HK deficiencies are incompatible 
cases may go undiagnosed because few 
le of testing for the mutation and due to 
ratory and clinical diagnosis.” 
ed by HK deficiencies can have many 
due to the mutations, including multiple 
ni and psychomotor retardation.” However, the 
ark of the disease is a lifelong chronic 
nolytic anemia (HNSHA) that can range 
40 


ate Isomerase Deficiency 

ite isomerase (PGI) is an enzyme that cat- 
phosphate and fructose 6-phosphate in the 
hof glycolytic pathway. This enzyme goes by 
h as phosphoglucose isomerase and hexose 
, and has a chemical name of D-glucose- 
omerase, Previously, this enzyme was known 
1g enzyme. Today, it is clear this enzyme 
Tay of cytokine activities and extracellular 


> 1 GPI has been identified as a source of non- 
“MOlytic anemia since its discovery in 1968. 
td Most common form of inherited chemical 
I gene is located on chromosome 19. Over 
2 ions have been identified, resulting in 

and an associated hemolytic anemia. Since its 


Chronic hemolytic anemia of varying severity, myopathy, and CNS 
dysfunction 


discovery, over 50 different families have been documented to 
have GPI deficiency.** GPI is an autosomal recessive genetic 
disorder. GPI is considered a rare disease, and estimates of 
its presence in the population is unknown. Frequencies may 
be falsely represented due to the limited number of laborato- 
ries around the world that perform GPI enzyme assays. While 
rare, research demonstrates that more cases are likely to be 
discovered with the advent of advanced sequencing tech- 
nologies that enable multiple gene characterization of simi- 
lar hemolytic anemias simultaneously.***? The homozygous 
state of the null mutation for GPI that is governed by a single 
locus is lethal. Glycolysis and the pentose-phosphate shunt 
are required for erythrocyte metabolism. A homozygous null 
mutation results in complete GPI deficiency, which is lethal 
for the embryo. For this reason, live humans have not been 
studied with the disease state. 

Biochemical testing for variants of this GPI mutation can 
prove difficult, Kanno and colleagues describe the instability 
of the GPI variant enzymes, but kinetics did not always appear 
to be impaired, making it difficult to identify variants by bio- 
chemical testing. When GPI deficiency is suspected, DNA 
analysis is required for diagnosis. This has also made it chal- 
lenging to determine the phenotypic effect for each mutation. 

Laboratory tests are available to assay many of the specific 
enzymes. Some of these tests may be available only through 
reference laboratories. Most laboratories, however, will 
be able to screen patients with a suspected hemolytic ane- 
mia caused by enzyme deficiency. The antiglobulin, eryth- 
rocyte survival, autohemolysis, osmotic fragility, and Heinz 
body tests can all be useful in distinguishing the 
deficiencies from hereditary spherocytosis and the 
hemoglobinopathies. 
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Enzyme Deficiencies: Methemoglobin 
Reductase Pathway 


Methemoglobin Reductase Deficiency 

The methemoglobin (MetHgb) mutation was discovered in the 
1960s by a young hematologist who traveled to a remote area in 
Appalachian Kentucky to study a family, famous for their blue 
skin. The family had seven children, four of whom were car- 
riers of the trait for methemoglobinemia. Due to the isolation, 
children in the family chose interfamily marriages, perpetuating 
the carriage of the mutation through the familial line.“ 

Methemoglobin (MetHgb) is formed when hemoglobin is 
deoxygenated due to a superoxide or peroxide group. The iron 
in the heme group is oxidized from a ferrous state (Fe**) to a 
ferric state (Fe**). Heme with a ferric iron is unable to bind 
to oxygen, preventing erythrocytes from transporting oxygen 
throughout the body. 

Under normal conditions, the peripheral blood contains 
<1% methemoglobin?! The body has enzymes present to 
keep methemoglobin under 1%. The enzymes are cytochrome 
B5 reductase, biliverdin reductase B, nicotide amide adenine 
dinucleotide phosphate (NADPH)- Methemoglobin reductase, 
and NADPH-Met-Hgb-diaphorase. These enzymes convert 
MetHgb back into hemoglobin with a ferrous iron.”! 


Methemoglobininemia 
Methemoglobinemia is an increase in methemoglobin in the 


blood. 


Pathogenesis and Clinical Findings 
Methemoglobinemia can be acquired or hereditary. It can be 
caused by drugs or by the consumption of certain foods. Met- 
hemoglobinemia can also be inherited from a rare mutation 
found on the CYBS5R3 gene as an autosomal recessive trait.** 
Individuals with this gene are deficient in CYBSR. Two vary- 
ing types exist. Type I mutation occurs only in erythrocytes 
and type II mutation occurs in all cells. 
Methemoglobinemia type | is a functional anemia, but the 
affinity for oxygen is significantly decreased in the erythrocyte. 
The major clinical feature of inherited methemoglobinemia 
is cyanosis. Because methemoglobin cannot carry oxygen, some 
patients exhibit symptoms similar to those of anemia, and some 
patients develop a compensatory mild polycythemia (see Chap- 
ter 19). In addition to the hereditary deficiency of NADH-met- 
hemoglobin reductase, methemoglobinemia may be caused by 
the hemoglobin M diseases (see Chapter 11). Complications that 
arise from the disease are primarily due to hypoxia. Tolerance to 
the percentage of MetHgb in peripheral circulation varies from 
one individual to the next, At 70% MetHgb, the blood appears 
to be chocolate brown in color.” In methemoglobinemia type I, 


TABLE 10-4 Laboratory Differentiation of Types of Methemoglobinemia 


Methemoglobin Level 


Increased 


Methemoglobinemia Resulting From 


Hereditary enzyme deficiency 


Toxic substance exposure Increased 


Hemoglobin M disease Increased 


the course of this disorder is generally benign; however 
patients are treated only because they find their lifelong 
nosis to be a cosmetic hardship. Methemoglobinemig 
is accompanied by complications such as neurological jmp: 
ment, mental impairment, and growth malformations,‘ a 
In cases of severe cyanosis, methylene blue is Administerey 
intravenously to activate the NADH-methemoglobin rede 
tase system. The active ingredient, methylene blue trihydre 
(3,7-bis (dimethylamino) phenazantionium chloride trip). 
drate, is considered a prodrug.“© Converted into a colorles 
leucomethylene blue by flavin reductase in the erythrocy, 
MetHgb is converted to hemoglobin; at the same time, |g, 
comethylene blue is converted to methylene blue.” The met. 
ylene blue is recyclable for the next conversion. While ney 
methylene blue is suitable to treat methemoglobinemia, com. 
plications can arise because of its ability to oxidize hemogly. 
bin and induce methemoglobinemia. The drug also has sevenl 
side effects such as nausea, vomiting, diarrhea, abdomin 
pain, oral dysesthesia, blue saliva, blue stool, blue urine, head. 
ache, mental confusion, dyspnea, excessive perspiration, rsh 
with severe burning, necrosis, abscess, and ulceration." 
Acquired methemoglobinemia is usually an acute disease size, 
can be life threatening, and may have other complications sut 
as hemolytic anemia.” Acquired methemoglobinemia is of 
drug-induced by drugs such as nitroglycerine, dapsone, sullce 
amides, primacine, phenytoin, phenacetin, and prilocaine.* Acquial 
methemoglobinemia can occur from the consumption of big 
nitrate containing foods, such as beets, spinach, carrots, borage 
chard, or consumption of pesticide- or fungicide-contamins! 
water. Most cases of acquired methemoglobinemia is mag 
able. However, cases that are most severe are dependent on be 
organ damage that occurs from the hypoxic episode. 


Laboratory Testing and Results 

The laboratory differentiation of the types of methemogh* 
emia is shown in Table 10-4. Methemoglobin has a maxi 
absorbance band at 630 nm. The addition of cyanide - 
the band to disappear, and the change in absorbance is diet 
proportional to the concentration of methemoglobin.” aro 
moglobin is increased to varying degrees in all three ‘a 
enzyme activity is decreased only in hereditary NADH | 
hemoglobin reductase deficiency. Hemoglobin ee : 


produces normal-appearing results in patients with 
globinemia except in the hemoglobin M diseases- 
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CRITICAL THINKING QUESTION ne 
10-3 H i } | 
low can laboratory testing differentiate hered 
hemoglobinemia from the acquired forms? 


Hemoglobin ge” 


" Normal 
Normal Normal 
mal Abnormal | 


lary nonspherocytic hemolytic anemia 
A) encompasses a group of disorders 
with red blood cell (RBC) abnormalities. 


phosphate dehydrogenase (G6PD) enzyme 
ies are the most common cause of HNSHA. 


enzyme in the hexose monophosphate 
ose phosphate) shunt pathway. 

me variants are noted for their association 
racial and ethnic backgrounds. 


, an essential enzyme of the Embden-— 
hway, is the second most common 
jormality associated with HNSHA. 


ssion of G6PD deficiency is more 

t in men because it is a sex-linked 

ne) abnormality. 

»D activity results in reduced glutathione 
Cause increased oxidative denaturation 

n and subsequent hemolysis. 


G6PD abnormalities are usually asymp- 
il exposed to conditions of lowered oxygen 
n chemicals or substances (including 

3), and some medications. 


TUDY 10-1 


a American man was referred to the clin- 
stigation of reported hemoglobinuria. 
tly been diagnosed as having infectious 
following laboratory data were obtained: 


37x10" 
11.0 g/dL 
32% 
86.0fL 
34.0% 
95x 107/L 


40% 

3% 

48% (many atypical) 
7% 

2% 

Adequate 

14.5% (uncorrected) 


200d cell (RBC) morphology was normochro- 
~_Hoeytic. Polychromasia was noted. A slight 
was also noted, with some red cells showing 


Win, ~=510ns. On further investigation, the antiglob- 
= found to be negative. On the basis of the 
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© G6PD is diagnosed by clinical symptoms and 
laboratory determinations. Laboratory testing includes 
finding the presence of Heinz bodies in erythrocytes 
(not specific), electrophoresis of G6PD, and, where 
indicated, molecular genetic studies. 


e PK deficiency, which was first identified in 1961, is 
associated with a diminished capacity to generate ATP, 
resulting in fragile red blood cells and a hemolytic 
anemia. 


e Laboratory diagnosis of PK deficiency requires 
specific testing of PK activity. A fluorescent screening 
test is used. 


e Other red cell enzyme deficiencies include methemo- 
globin reductase and glucose phosphate isomerase 
deficiencies. Almost any enzyme of the aerobic 
and anaerobic metabolic pathways has been 
implicated in HNSHA, although the levels of 
hemolysis are quite variable and hemolysis may be 
entirely absent. 


antiglobulin test, the hemolytic process was considered not 
to be the result of an immune reaction. A normal hemoglo- 
bin electrophoresis was reported. 

The hematologist suggested that the patient return in 
30 days for testing for erythrocyte enzyme deficiency. At 
that time, the patient was found to have an adequate eryth- 
rocyte G6PD content. Spuriously elevated G6PD levels 
may be found during or immediately after the hemolytic 
episode because of the presence of younger red blood cells. 


QUESTIONS 

1. Do the CBC results indicate hemolytic anemia? 

_ What does the reticulocyte count in this patient represent? 

_ What is a likely diagnosis for this patient? 

What RBC inclusion might also be found on the 

peripheral blood smear with supravital stains? 

5. What further testing can be performed in diagnosing 
G6PD deficiency? 

6. What type of hemolysis is present here? 


wn 


ANSWERS 
1. Yes, the patient has a low RBC count, low Hgb 


and Het, and high reticulocyte count. These results 
indicate low red blood cell population with increased 
erythropoietic turnover through bone marrow 
compensation. 

Continued 
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marrow is attempting to compensate for the decreased red 
blood cell population by increasing the rate at which imma- 
ture red cells are entered into the peripheral circulation. _ 


. G6PD deficiency is the most likely diagnosis based on 
pathogenesis of the condition and the patient’s symp- 


toms and genetic heritage. 


What is the most common glycolytic enzyme deficiency 
associated with the pentose phosphate pathway (aerobic 
pathway)? 

a. PK deficiency 

b. G6PD deficiency 

c. Hexokinase deficiency 

d. Glutathione reductase deficiency 


. What is the most common glycolytic enzyme deficiency 


associated with the Embden—Meyerhof pathway 
(anaerobic pathway)? 

a. PK deficiency 

b. G6PD deficiency 

c. Hexokinase deficiency 

d. Glutathione reductase deficiency 


. Oxidative denaturation of hemoglobin results in 


formation of small particles that are visualized with 
supravital staining, referred to as: 

a. Basophilic stippling 

b. Howell-Jolly bodies 

c. Pappenheimer bodies 

d. Heinz bodies 


_ In the evaluation of a patient for G6PD deficiency, 


which of the following test results would indicate a 

deficiency of the enzyme? 

a. Increased formation of schistocytes 

b. Increased fluorescence in the fluorescent 
spot test 

c. The reduction of methemoglobin in the presence 
of methylene blue 

d. An abnormal autohemolysis test 


_ Which laboratory test result would indicate a patient 


who is PK-deficient? 
a. Abnormal rate of hemolysis that is independent 
of the presence or absence of glucose in 
the incubation medium of the autohemolysis 
test 
_ Lack of fluorescence in the fluorescent spot test 
A change in the indicator from red to yellow in the 
orthocresol red test 
d. Increase in osmotic fragility 


OOOO OO 


. The reticulocyte count in this patient indicates that the bone E 


6. What deficiency causes hemoglobin to be oxidized | 
from the ferrous to the ferric state? | 
a. G6PD deficiency | 
b. PK deficiency | 
c. NADH-methemoglobin reductase deficiency 
d. Lactate dehydrogenase deficiency 


7. G6PD deficiency will cause which of the following 
clinical findings? 
a. Positive DAT 
b. Spherocytes 
c. Acute hemolysis 
d. Increased hemoglobin 


8. Which stain is required to visualize Heinz bodies? 
a. Romanowsky stain 
b. Crystal violet 
c. Wright’s stain 
d. Gram stain 


9. A major difference between Pk deficiency and 
hemoglobinopathy is: 
a. Spherocytes 
b. Heinz bodies 
c. Helmet cells 
d. No abnormal RBC morphologies present 


7 


10. What is a key peripheral finding in PX deficienc) 
a. Schistocytes 
b. Spherocytes 
c. nRBCs 
d. Heinz bodies 


What do all glycolytic enzyme deficiencies haven 
common? 

a. Increased retic counts 

b. Intravascular hemolysis 

c. Chronic nonspherocytic hemolyt¢ anemia 

d. Only mild cases seen 


Which of the following is true about acqu!"** 
methemoglobinemia? 

a, Often an acute, but manageable conditio® 
b. Causes severe cyanosis 
¢. Causes neurological and mental impair" 


d. Causes growth malformations 


11 
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See answers at the back of this book. 
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LEARNING OBJECTIVES 


SC ha pter, the learner should be able to: 


the structure and molecular composition of 
emoglobin. 


rect state of iron required for proper 


(ost common globin chain abnormality- 
globinopathies. 

falitative hemoglobin defects from 
emoglobin defects. 


INO acid substitution found in sickle 


$ contributing to the sickling process. 


clinical findings, including hallmark 
of sickle cell anemia. 


es are defined in the broadest sense as 

h there are either qualitative or quanti- 
the synthesis of hemoglobin. More than 
is with a single amino acid substitu- 
Overed.' However, the majority of these 
Cally significant, because the abnormality 
€ct in the structural integrity or function 


Laboratory Screening for Sickle Cell 


Hemoglobin C Disease and Trait 
Hemoglobin D Disease and Trait 
Hemoglobin E Disease and Trait 
Hemoglobin O,_, Disease and Trait 
Hemoglobin S With Other Abnormal 


Hemoglobin SC Disease 
Hemoglobin SD Disease 
Hemoglobin SOArab and S-Oman Disease 


ning, PhD, MLS(ASCP) + Stacie Lansink, MS, MLS(ASCP) 


Hemoglobin S/B-Thalassemia 
Combination 
Laboratory Diagnosis of HbS With 
Other Abnormal Hemoglobins 
Hemoglobin Variants With Altered 
Oxygen Affinity 


Unstable Hemoglobins 
Methemoglobinemia 


Overview of Laboratory Diagnosis of 
Hemoglobinopathies 
Case Study 11-1 
Summary Chart 
Review Questions 


11-8 Describe the goals of treatment for sickle cell anemia. 


11-9 Describe the relationship between infections, includ- 
ing parasitic infections and sickle cell anemia. 


11-10 List the appropriate laboratory testing and expected 
results for sickle cell anemia. 

11-11 Name the amino acid substitutions found in HbC 
and HbD diseases. 

11-12 List the laboratory findings in HbC and HbD diseases. 

11-13 Describe the predominant cellular abnormalities 
seen in HbE and Hb O, ., diseases and traits. 

11-14 Identify the laboratory findings that indicate a 
diagnosis of hemoglobin SC disease. 

11-15 Describe the characteristics of unstable hemoglobins. 

11-16 Identify the causes of methemoglobinemia. 


of the hemoglobin molecule The hemoglobinopathies are 
either inherited according to classic mendelian genetics or 
arise from new genetic mutations. 

More than 90% of the hemoglobin variants are single 
amino acid substitutions in the alpha (cx), beta (B), delta Gia 
gamma () globin chains as a result of a single-point mutati 
in one of the globin genes. Hemoglobinopathies are j a 
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At 
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FIGURE 11-3 Amino acid substitution in hemoglobin S. 


factors are responsible for the appearance of this hemoglo- 
bin in North American and Middle Eastern populations.> In 
the United States, the birth incidence of the homozygous state 
(HbSS) is approximately 0.26% (1 in 375 African American 
babies).*” It is estimated that 1 in 12 African Americans (8%) 
carry the autosomal recessive mutation trait (one gene) for 
HbS. Approximately 300,000 infants are born with sickle cell 
anemia annually.'” 

Although in the United States sickle cell disease is most 
commonly found in persons of African ancestry, it has also 
been found in individuals from the Caribbean, South and 
Central America, Mediterranean (Turkey, Greece), the Middle 
East, and India.'' The common variants of sickle cell disease 
are listed in Table 11—2, with their estimated incidence.’ 


Pathophysiology 
HbS is soluble and usually causes no problem when properly 
oxygenated. However, when the oxygen tension decreases, 
this single amino acid substitution in the B-globin chain 
of HbS polymerizes, forming tactoids or fluid polymers 
(Fig. 11-4). As these polymers realign, they cause the red 
cell to deform into the characteristic sickle shape (Fig. 11-5). 
The sickling process is dependent on the degree of oxygen- 
ation, pH, and dehydration of the patient.''Decreases in oxy- 
genation and pH, as well as dehydration, promote sickling. 
There are two types of sickled cells: reversible and irre- 
versible.!! Sickling of the red cell is reversible up to a point. 
However, repeated sickling eventually damages the red blood 
cell (RBC) membrane permanently. Originally, the formation 
of rigid sickled cells was thought to cause microcirculatory 


TABLE 11-2 Sickle Cell Disease (a Group of Genetic 
Disorders Characterized by the Production of HbS) 


Disorder Incidence in African American Live Births 


1 in 375 (0.26%) 


Sickle cell C disease (HbSC) lin 835 (0.12%) i 


: Sickle thalassemia 1 in 1,667 (0.06%) 


Source: Sickle Cell Disease Guideline Panel. Sickle cell disease: Screening, diagnosis, 
management, and counseling in newborns and infants. Clinical Practice Guideline 
No 6. AHCPR Pub No 93-0562. Rockville, MD: U.S. Department of Health and Human 
Services; April 1993. 


FIGURE 11-4 Scanning electron micrograph (SEM) of sickle cells, 
(From Bell A. Hematology. In: Listen, Look and Learn. Bethesda, Mp; 
Health Education Resources, Inc. with permission.) 


=/ ‘ 
FIGURE 11-5 Sickle cell disease (peripheral blood). Note the sickle shape 


red cells and target cells. (From Bell A. Hematology. In: Listen, Lookand 
Learn. Bethesda, MD: Health Education Resources, Inc. with permsso™ 


obstruction because of impaired erythrocyte defor 
ity during capillary transit. However, the actual mecha? 
involves several other elements, accounting for the pheno 
heterogeneity of this disease. These mechanisms inves 
the adhesion of erythrocytes to the endothelium of them f 
capillary venule; 2. the formation of aggregates COMPO” 
irreversibly sickled cells and leukocytes contributing © eS 
lar occlusion and inflammation: 3. neutrophil transi? ie 
through vessel walls adding to further increased inde 
in the microvasculature; and 4. dysregulation of vasomol ch 
by disturbance in the function of vasodilator medialo® % ai 
nitric oxide." In addition, abnormal cation homeos¥5® it 
by hemoglobin $ polymers leads to sickle red cell det a 
producing dehydrated, dense, irreversibly sickled cells okt 
only result in hemolytic anemia but also play 2 om 
the initiation of vaso-occlusion.'? Vaso-ocelusion vs f 
lowers pH and Oxygen tension and increases the nu we 
sickled cells, resulting in both acute and chronl¢ vay 
age." This injury results in painful crises and the int i 
organs. It should be noted that the presence of hen ae 
(HbF) and HbA, in red cells with HbS modifies "ea 
severity of the sickling.* Other factors affecting" 


of HbS are listed in Box 11-1. 
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Factors Affecting the Severity of HbS 


. Amount of HbS 
~ Vascular stasis 
« Other hemoglobins 


‘ Glucose-6-phosphate dehydrogenase (G6PD) deficiency 
+ Deoxygenation 

+ Mean corpuscular hemoglobin concentration 

+ Amount of HbF 


Clinical Findings 
The hallmark features of sickle cell disease are chronic hemo- 
lytic anemia and vaso-occlusion, resulting in ischemic tissue 


the venous sinuses and there is a reduced oxygen 
and low pH." The eye and head of the femur are also 


< cell anemia is usually diagnosed early in life when 
of HbF declines. HbSS disease typically presents as 


Ta of 6 to 8 g/dL.” Characteristically, the patient 
= Ni - . . . . . 
strates an asthenic physique and is mildly jaundiced 
(Fig. 11-6). Many complications are associated with the 
disease, with the major manifestations being “sickle crises.” 
There are three types of crises: aplastic, hemolytic, and pain- 
ful (vaso-occlusive).'* !5 
_ Anaplastic crisis is usually associated with infections, par- 
ticularly to Parvoviruses, which cause a temporary suppres- 
Hog of erythropoiesis. The marrow is simply overworked as a 
result of the Stress related to the continuous stimulus for pro- 
duction of new red cells. With an already shortened red cell 
life span, even a temporary decrease or arrest in red cell pro- 
won causes a drastic anemia. During the evaluation of the 
febrile patient, a fall in the reticulocyte count can also indicate 
ee of aplastic crisis, which requires further monitoring 
Ste hemoglobin level in the HbSS disease patient. Aplastic 
Usually Spontaneously resolve within 5 to 10 days.”” 
ang hemolytic Crisis reflects an acute exacerbation of the 
i ainta with a resulting fall in hemoglobin and hematocrit, an 
Feticulocyte count, and jaundice. '*!* Acute splenic 
bineauon is the Cause, resulting in a decrease in hemoglo- 
Children sem crit, which usually occurs in infants andy ae 
Pooling €en 5 months and 2 years of age. Intrasplenic 
of tng amounts of blood results in enlarged spleens 
ures children with HbSS disease. The usual clinical fea- 
= a Uemolytic crisis include sudden weakness, rapid 


Pul = 
aad nities, pallor of the lips and mucous membranes, 


fullness caused by the enlarged spleen.’ In 
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FIGURE 11-6 Asthenic physique with mild jaundice. (Reproduced with 
permission from Sandoz Pharmaceuticals Corporation.) 


contrast to this process, multiple infarctions and subsequent 
fibrosis lead to a process termed autosplenectomy in adult 
patients with HbSS disease, which results in a small, fibrotic, 
and nonfunctional spleen.'* 

Vaso-occlusive or painful crisis is the hallmark of sickle cell 
anemia.’ The crisis is usually associated with severe pain, caused 
by occlusion of small blood vessels mediated by the adhesion 
of sickled cells to endothelium, resulting in tissue damage and 
necrosis.'° The decreased blood flow causes regional hypoxia 
and acidosis, further exacerbating the ischemic injury. A painful 
crisis usually lasts 4 to 6 days but sometimes persists for weeks.” 
Painful crisis can be precipitated by infection, fever, acidosis, 
dehydration, and exposure to extreme cold.? Some patients have 
reported that even emotional states such as anxiety, stress, and 
depression may cause their painful crises.° 

Generally, three principles of therapy are applied in the 
management of painful crisis: 


Adequate rehydration 

Pain relief using sufficient analgesics 

Antibiotic therapy to treat any precipitating or underlying 
illness such as infection!" 


weno 


In severe cases, transfusion may be necessary to reduce the 
hemoglobin S content in the blood of the patients with HbSS 
disease.'’ However, the mainstay of therapy for painful cri- 
ses is hydration (administration of fluid volumes) to correct 
fluid and electrolyte deficits in an attempt to maintain normal 
serum electrolyte concentrations.'*!” 

Symptoms and clinical manifestations of HbSS disease 
are many and varied. The clinical presentations of sickle cell 
anemia represent the sequelae of repeated infarction. The 
common clinical findings are listed in Table 11-3 by hemato- 
logic and nonhematologic categories. 
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TABLE 11-3 Clinical Features of Sickle Cell Anemia 
by Category 


Category Clinical Features 


Hematologic + Aplastic crisis 


* Hemolytic crisis 
Vaso-occlusive crisis 


Nonhematologic 


Abnormal growth 

Bone and joint abnormalities 

+ Arthritis 

* Pain 

* Salmonella infection 

* Hand-foot dactylitis 

* Bone marrow infarctions 

Genitourinary 

* Gastrointestinal symptoms 

* Renal papillary necrosis 

* Priapism 

Spleen and liver 

+ Autosplenectomy 

* Hepatomegaly 

* Jaundice 

* Cholelithiasis 

Cardiopulmonary 

¢ Enlarged heart 

¢ Heart murmurs 

* Pulmonary infarction 

Eye 

* Retinal hemorrhage 

* Conjunctival vascular abnormalities 
* Central nervous system 
* Leg ulcers 

* Risky pregnancy 


Vasculopathy 
Occlusion of blood vessels and tissue ischemia can occur vir- 
tually anywhere in the body: in bones, joints, lungs, liver, kid- 
neys, eye, central nervous system, and spleen.*” In the lungs, 
sickling in the pulmonary microvasculature produces the 
acute chest syndrome in HbSS disease patients. It is the sec- 
ond most common cause of hospital admission and the most 
common complication of surgery and anesthesia.'° '* The 
acute chest syndrome represents an acute illness characterized 
by fever, chest pain, prostration, and the presence of pulmo- 
nary infiltrates on the chest x-ray exam.'*!® The syndrome in 
adults is characteristically a result of pulmonary infarction, 
although other causes such as bacterial or viral infection have 
been reported. This contrasts with the acute chest syndrome 
in children with HbSS disease, which is usually caused by an 
infectious agent. While children have a higher incidence of 
acute chest syndrome, their mortality rate is lower than that 
of adults.!” Pleuritic chest pain is the dominant symptom of 
acute chest syndrome in adults, whereas fever, cough, and 
tachypnea are often the only complaints in infants and young 
children who are affected." ig rt ional 

The most common cutaneous manifestation in HbSS dis- 
ease is the development of ulcers or sores on the lower leg 
(Fig. 11-7). Approximately 8% to 10% of patients develop leg 


FIGURE 11-7 Leg ulcers in a patient with sickle cell anemia. (Reproduced 
with permission from Sandoz Pharmaceuticals Corporation.) 


ulcers, which are usually manifested between 10 and 50 yeas 
of age and are very difficult to resolve.'*!®! The etiology af 
leg ulcers is unclear; however, trauma, infection, severe a 
mia, and warmer temperatures may predispose to their form 
tion.'” They rarely develop in individuals with sickle cell C 
disease (HbSC) or sickle f thalassemia.’ 

Bones and joints in HbSS disease are frequent sites af 
pathology, with musculoskeletal pain being the most commot 
symptom, There can be bone marrow hyperplasia, infects 
or infarction. Infarction is also commonly responsible i 
the symptoms of the hand-foot syndrome observed in sik 
cell anemia. Dactylitis (the painful swelling of the hands #8 
feet) occurs commonly in infants and young children ‘ 
HbSS disease and is observed exclusively in patients Key 
age group.'*'®'9 In many infants it is the first manifesta? 
the disease. The characteristic “hand-foot” syndrome a 
ops later in life because of microinfarction of small bone 
the hands and feet, which leads to unequal growth madi 
deformities of the fingers and toes (Fig. 11-8): ¥ Ry the 
episodes of painful swollen joints and aseptic necros i 
femoral head and other articulating bones are cause 
process of infarction, 
Infections of morbid” 
e orga” : 
re jist 


Serious bacterial infections remain a major cause 
and mortality in patients with HbSS disease. Th 
implicated in causing infections in these patients 4! 
Table 11-4, 

The most significant cause of death during ©" | 
hood is the severe overwhelming septicemia and 5 disc 
caused by Streptococcus pneumoniae.'*'*'* Int be isp 
splenic dysfunction develops during infancy and pr’ <u 
the infant to overwhelming infections from encat 


_ 


fi 
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FIGURE: 1-8 Hand-foot syndrome in a patient with sickle cell anemia. 

(Reproduced with Permission from Sandoz Pharmaceuticals Corporation.) 
@ ie 

bacteria, such as 8. pneumoniae and Haemophila influen- 


Patients with HbSS disease. Repeated splenic 
It in autosplenectomy by the adult years. These 
tien become more prone to serious infections with 
Bulated organisms. Infections in patients with HbSS 


Viral 


Rubeola 


Cytomegalovirus 


‘ “ePhylococcus aurey 
Se gen 
‘ioe 


Obacterium ‘ 


BY = 
amon ell species 
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and are more difficult to resolve than infections in healthy 
individuals. In particular, pyelonephritis recurs regularly in 
these patients, is difficult to treat, and is often associated 
with septicemia.'*'’ This infection results in a predisposi- 
tion to sickling in the renal papilla, ultimately causing renal 
papillary necrosis, which frequently develops along with the 
pyelonephritis. 

There are multiple factors responsible for the increased 
susceptibility to infection in patients with HbSS disease, 
including®!)"5; 


e Reticuloendothelial blockage caused by increased 
hemolysis 

e Stasis of sickled RBCs in the sinusoids of the liver and 
spleen 

e Secondary splenic dysfunction 

e Deficiency of nonantibody serum opsonic activity 


The relationship between the incidence of the malarial 
parasite and the frequency of the abnormal HbS gene requires 
further explanation. Malaria, caused by a parasite of the 
Plasmodium species, is still a serious disease in tropical areas, 
with Plasmodium falciparum being responsible for the most 
life-threatening situations. The original geographic distribu- 
tion of sickle cell disease overlaps with that of malaria. As 
in thalassemias, these hemoglobinopathies are believed to 
provide some kind of selective advantage for malaria. This is 
applicable only to subjects carrying one abnormal HbS gene 
(sickle cell trait). The precise mechanism of this protective 
effect from malaria is not known; however, cells carrying HbS, 
when parasitized by P. falciparum, may sickle more quickly 
than nonparasitized cells, leading to preferential destruction 
of the parasitized cells." 

The sickling could affect the cycle of the parasite in one 
of two ways: directly, by killing the parasite, or indirectly, by 
causing the parasitized sickle cells to be sequestered in the 
spleen, The fact that persons homozygous for the HbS gene 
often lack splenic function by the time they reach adulthood 
(autosplenectomy or functional asplenia) may be one reason 
why malaria is exceptionally severe, and often fatal, in 
these cases.'’ Thus, HbS confers a relative degree of protec- 
tion from malaria only in the heterozygous (trait) state. It is 


Fungal be Parasitic 


Plasmodium species 


Coccidioides immitis 


Histoplasma capsulatum 
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balanced by the decreased fitness of the homozygous state, 
and the gene frequency eventually reaches an equilibrium in 
the population. 


Sickle Cell Nephropathies”° 
In the kidney, intravascular sickling occurs more rapidly 
than in any other organ owing to deoxygenation of HbS in 
the acidic and hyperosmolar environment of this organ.”° The 
combination of hypoxia, hypertonicity, and acidosis in the kid- 
ney causes sickling, stasis, and ischemia of the renal medulla 
and papillary tip, leading to progressive renal events.” Even- 
tually, over time, several sickle cell nephropathies develop. 
Hyposthenuria, the inability of the kidney to concentrate the 
urine, is the earliest and most common nephropathy in sickle 
cell disease, occurring usually in the first decade.2° Progres- 
sive renal pathology occurs in patients with HbSS disease 
as renal tubular dysfunction and atrophy presents itself in 
the second decade of life. The third decade in HbSS disease 
is characterized by interstitial nephritis, papillary necrosis, 
pyelonephritis, and the nephrotic syndrome, to name a few of 
the renal disorders that may develop. In the fourth decade and 
beyond, end-stage renal disease develops as one or more of 
the sickle cell nephropathies results in chronic renal failure.” 
It should be noted that hyperuricemia and gross hematuria 
occur commonly in patients with HbSS disease. Hyperuri- 
cemia occurs in approximately 15% of children and 40% of 
adults with HbSS disease because of the increased urate pro- 
duction associated with the accelerated erythropoietic rate and 
decreased renal clearance of urate.” Gross hematuria occurs 
commonly not only in sickle cell anemia but also in sickle cell 
trait because of the sickling, stasis, ischemia, and extravasa- 
tion of blood in the kidney.”” 


Stroke 

Stroke occurs in up to 22% of patients with HbSS disease,!!2! 
Stroke represents an array of neurological complications 
caused by an ischemic or hemorrhagic lesion in a specific 
cerebral vessel. The neurological manifestations may be focal, 
such as hemiparesis, or more generalized, such as coma or 
seizure.?' Recurrent episodes of stroke cause progressively 
greater impairment and increased mortality. The most com- 
mon cause of stroke in children is cerebral infarction.?! With 
age, subarachnoid and intracerebral hemorrhage become 
increasingly common. 

A distinguishing pathological feature of arterial vessels 
involved in stroke is the presence of intimal and medial pro- 
liferation, which results in severe restriction of blood flow and 
is found in approximately 80% of angiograms of patients with 
sickle cell anemia and stroke.” Most likely this is owing to 
the interaction of sickled cells with endothelium, which results 
in endothelial damage, inflammation, and the local release of 
growth factors that stimulate proliferation of subintimal and 
medial cells. In the later stages of this vasculopathy, chronic 
ischemia leads to the formation of a delicate subcortical net- 
work of collateral vessels that are prone to rupture, likely 
accounting for the increased incidence of hemorrhagic stroke 
with increasing age.” HbSS disease patients with hemorrhagic 
stroke (intracerebral or subarachnoid hemorrhage) have a high 
mortality rate during the acute stage (may be as high as $0%),” 


oo 


Patients with a characteristic abnormality of cerebral 
flow (higher than normal velocity of flow on ng 
Doppler ultrasonography) have been shown to be 
greater risk to develop stroke.” Much 


Sickle Cell Trait 


In sickle cell trait (Fig. 11-9), the heterozygous form of te 
disease, individuals inherit both a normal B-globin gene and, 
sickle globin gene (B*). As a result, individuals with Sickle cl 
trait produce both normal HbA and HbsS, with a predominan 
of HbA in an approximate ratio of 60:40.” The structur 
formula is «,8,B,°°"™". The frequency of this h 
condition in American blacks is approximately 8%.” In vity 
experiments demonstrate cells that are homozygous for hemp. 
globin S sickle when the oxygen level is decreased to 4% » 
6%, whereas cells heterozygous for hemoglobin § (sickle 
cell trait) sickle when the oxygen level is decreased to 2%? 
Individuals with HbS trait are usually asymptomatic, be 
occasionally episodes of hematuria and hyposthenuria cca 
because of sickling in the kidney. The potential for sickling 
exists, therefore, and drastic lowering of pH or reduction 
in oxygen tension can precipitate a crisis. Causes for thee 
include severe respiratory infections, air travel in unpressu 
ized aircraft, anesthesia, and congestive heart failure. Eve 
excessive exercise can lead to a significant buildup of lacie 
acid, resulting in sickling and subsequent infarction. Seve 
deaths of American black soldiers with sickle cell trait ba'* 
been reported as a result of rigorous basic training at altitudes 
greater than 4,000 feet, which led to a buildup of lactic 
followed by acidosis and subsequent organ infarction.” 


Laboratory Testing and Results 
The following laboratory tests should be performed to 4 
nose sickle cell disease: the complete blood count, 4 rence 
locyte count, evaluation of the peripheral smear, he 
electrophoresis or isoelectric focusing (IEF), and ae | 
ment of hemoglobins A, and F by high-performanc? 
chromatography (HPLC).*'* i 
The chronic anemia of HbSS typically is quit¢ a 
with hemoglobins ranging between 6 and 8 g/dL. bite 
indices are normochromic and normocytic. The penih 
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FIGURE 11-9 Sickle trait (peripheral blood). Note the normal 


smear. 
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ure can be striking, with numerous target cells, 
Ils, polychromasia, nucleated red cells, and 
s (see Fig. 11-5). Siderotic granules and 
sodies may be seen in the red cells as a result of 
over and “stressed” erythropoiesis. The aver- 
count is between 5% and 20%,° This count 
er, during an aplastic crisis; indeed, a falling 
ay herald the onset of such a crisis. There 
ic leukocytosis with a shift to the left and 
e bone marrow reflects marked erythroid 
pt during an aplastic crisis. 

ith the trait, sickled cells are not typically 
peripheral blood smear. On rare occasions, 
cells may be observed in the peripheral 

crisis episode.” 


ening for Sickle Cell 


Clinical Practice Guideline on Sickle Cell 
by the U.S. Department of Health and 
newborns, regardless of race or ethnic 
be screened for the presence of HbS.? 
ing for sickle cell disease began in the 
ie early 1970s. The initial screening pro- 
he recognition that sickle cell anemia was 
nificant morbidity and mortality. Today, 
lobin Opathy screening is universally required 
e 50 U.S. states, the District of Columbia. 
Virgin Islands.” 
lewbor screening (NBS) programs cur- 
or IEF to screen for SCD.” Most pro- 
screening specimens using a second, 
sctrophoretic technique, HPLC, immuno- 
-based assays.”* 
ed screening tests should not be used 
. These are (1) the sickle cell prepa- 
n metabisulfite and (2) solubility tests 
hosphate buffer, a hemolyzing agent, 
. These tube solubility tests either iso- 
or cause the abnormal hemoglobin 
10). Both tests depend on the concen- 
red cell or hemolysate. These tests are 
ing tests because they are not sufficiently 
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sensitive to detect low levels of HbS and do not distinguish 
between sickle trait and different forms of sickle cell disease. 

The predominance of HbF and low level of HbS in cells 
of the neonate is believed to explain the unreliability of these 
tests during the newborn period. 


ADVANCED CONTENT 


IEF is an equilibrium process in which hemoglobin migrates 
in a pH gradient to a position of 0 net charge. The forma- 
tion of discrete, sharp bands via IEF allows for more precise 
and accurate quantification than standard electrophoresis.” 
HPLC is emerging as the method of choice for the initial 
screening of hemoglobin variants and quantification of HbA, 
and HbF. Although a greater number of samples can be pro- 
__ cessed daily using IEF, the advantages of HPLC are that it 
is generally easier to interpret; less prone to inconsistencies 
related to sample preparation, application, and staining tech- 
niques; and is fully automated, thereby reducing the chance 
for clerical error.* Mass spectrometry (MS) is emerging as 
a possible screening methodology with the introduction of 
robust and simple-to-use tandem MS instruments capable 
__ of greater throughput with comparable sensitivity and spec- 
_ ificity of IEF and HPLC, in preliminary studies.2° Molecular 
screening and clinical genotyping for hemoglobinopathies 
using rapid targeted next-generation sequencing platform 
has been evolving for accurate detection.**?7 


In the clinical laboratory, hemoglobin electrophoresis 
on cellulose acetate at alkaline pH, followed, if necessary, 
by electrophoresis on citrate agar at acid pH is performed 
to detect HbS* (Fig. 11-11). Electrophoresis separates dif- 
ferent hemoglobins by electrical charge, pH, and different 
media. Hemoglobin separation by citrate agar electrophoresis 
depends on the combination of charge and the ability of the 
hemoglobin to combine with components in the agar gel mix- 
ture. The patient with sickle cell anemia produces no normal 
B chains; therefore, there will be no HbA on electrophoresis 
(unless the patient has been recently transfused). HbS con- 
stitutes 80% or more of hemoglobin, with HbF ranging from 
1% to 20%.” When HDF levels are higher than 20%, there is a 
decrease in the severity of the disease.'*:*? High levels of HbF 


A/Ag F 
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FIGURE 11-10 Electrophoretic patterns of 4 
on (A) cellulose acetate, run at pH 8.4, and brace ; ‘ 
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Positive 


Negative 


FIGURE 11-11 Tube solubility screening test for sickle cell anemia. 


are seen transiently in newborns and in hereditary persistence 
of fetal hemoglobin (HPFH).” In sickle cell anemia, the HbA, 
level may be slightly increased, with a mean of 3.4%,!924 
Hemoglobins with similar charges have similar migration pat- 
terns during electrophoresis, especially on cellulose acetate. 
Hemoglobins D and G both migrate to the same position as 
HbS at alkaline pH. Hemoglobin E (HbE) and hemoglobin 
O,.,,, (HbO,,.,,,) migrate in the same position as HbC.* Citrate 
agar electrophoresis is very useful, because it clearly separates 
HbS from HbG and HbD, and HbC from HbE and HbO, .,, at 
acid pH.” In sickle cell trait, hemoglobin electrophoresis at 
alkaline pH shows 60% HbA, 40% HbS, and usually elevated 
HbA, (mean is 3.6%).”* At acid pH, one band is present in the 
A position (HbA + HbA,), whereas the other band migrates to 
the S position (see Fig. 11-10).”* 


> ADVANCED CONTENT 


It should be noted that most hemoglobin variant traits, 
without coexistent conditions such as iron deficiency or 
thalassemia, have alkaline electrophoretic patterns with an 
approximate 60:40 ratio of normal to abnormal hemoglo- 
bin. This is because of the effect of charge on assembly of 
globin chains: relatively positively charged globins, such as 
S (+1) and C (+2), have a slight disadvantage in assembling 
with the a chains to form aB dimers compared with normal 
6 globin. For this reason, HbS comprises less than 50% of 
the hemoglobin in heterozygotes, and a further reduction is 
seen in HbC trait. 


i: 


Although sickle cell disease should not be diagn 
either a sickle cell preparation or solubility test, a fy 
ther of these tests will reliably distinguish sickle a ase 
sickle cell anemia, many hospitals still perform these | 
adult patients. It is important to note that some rare tia 
bins also sickle, giving positive solubility tests. Box ne 
examples of rare hemoglobins that sickle and give q ‘ f 
tube solubility test. Because HbS, HbG, and Hbp athe Ite 
in the same position on cellulose acetate electrophores pn 
helpful to know that HbG and HbD do not give a Poste 
solubility test. 

Molecular diagnosis of hemoglobin disorders Using ay 
mated DNA-based techniques is available, but these technigus 
remain expensive and are most effective when targeted iy, 
specific mutation.”” 

Next-generation sequencing (NGS) is a technology thy 
can be applied to the whole genome, the exome, or 
gene panels. This technology has demonstrated a rapid, mj. 
plex, and high throughput in detecting genetic variants” 


> ADVANCED CONTENT 


Preimplantation genetic testing (PGT) is available a 
mainly utilized for couples at high risk of transmitting 
inherited genetic disorder to their offspring.”’ The mos 
common reason to perform a PGT is to avoid the condition 
associated with hemoglobin synthesis caused by mutation 
in the beta-globin gene. The demand for PGT is incre 
ing but the challenge is the vast diversity of potently 
affected genotypes that involves creating individual pe 
tocols and customization to detect a specific combinai 
_ of mutations.2’ 


Treatment 


With advances in the diagnosis, treatment, and prevestio’ 
complications, the life expectancy of individuals with si? 
cell disease has improved. Infants born in the United Stat 
with HbSS disease now have a life expectancy of 30 © pee 
old.” Delay in diagnosis and treatment resulting from hae 
appropriate health services plays an important role" on 
morbidity and mortality in developing countries. 
In the past, the principal causes of death in ne 
HbSS disease in the United States was ov erwhelmine : 
tions with S. pneumoniae, cerebrovascular accidents, 
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vn crises.*! One of the greatest advances in 
‘cell disease has been the introduction of pro- 
‘lin therapy, Which has virtually eliminated 
epsis, one of the major causes of death in 
cell disease.*! Twice-daily administration 
luces both morbidity and mortality from 
ion in HbSS disease in infants.*! In addi- 
of age-appropriate immunizations should 
pneumococcal, conjugated 7. influenzae, 
ines.'* 
os are being tested for their potential in 
effects of sickle cell anemia. Development 
based on the pathophysiology of sickle 
Studies have shown that increasing HbF 
lymerization; this effect is based on the 
tration of HbS and on a direct inhibition 
ion by HbF. A number of candidate agents for 
f have been evaluated in the past 25 to 30 years. 
groups of patients with HbSS dis- 

ase in HbF levels and an increase in the 
taining HbF (F cells) with hydroxyurea 
ings were dramatically confirmed in the 
e-blind multicenter study of hydroxyurea 
le cell disease.*? 

ese previously researched therapeutic 
eatment of sickle cell anemia are listed 
S$ approaches to specific therapy with spe- 
din Table 11-5. 
ms may be required for acute situations 
in Of certain complications of HbSS disease, 
Simple transfusion has little or no benefit for 
fe sickle yasculopathies, unless it is associ- 
of sickle erythrocytes."” In fact, transfu- 
blood viscosity and further compromises 
change transfusions are indicated in 
Stroke, severe acute chest syndrome, 
t HbSS patients with higher hema- 

rin children, 25% or higher in adults), 
sion technique may be safer than a simple 
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ations and indications for blood trans- 
© are listed in Table 11-6. Chronic 
have been shown to reduce the risk of 
*“lscontinuing chronic transfusions becomes 
=? Overload concerns, presence of multiple 


Treg , 
‘Catment of Sickle Cell Anemia: Goals 


‘Deutic p 
"UC Approaches 


HON of fetal hemoglobin in the adult. 
lar entrapment of sickled cells. 
‘affinity or solubility of sickle hemoglobin. 
Of the sickle erythrocyte. 

the abnormal, sickle gene. 

lal damage, 
duced injury. 


Hemolytic Anemias: Intracorpuscular Defects: The Hemoglobinopathies 233 


TABLE 11-5 Effects of Approaches to Specific Therapy 


Therapeutic 
Approach 


Drugs Effect 


Inhibition of HbS | Urea il Noncovalent 
olymerization — | 
ee! a Ethanol hemoglobin 
Peptides | modification 
Cyanate Covalent 
Pyridoxal - hemoglobin 
Glyceraldehyde _| modification 
DDAVP (1-deamino-8- | Erythrocyte 
D-arginine vasopressin) niddiication 
Cetiedil (increase in 
, red cell 
Hyponatremia pt 
volume, 
decrease in 
2,3-BPG) 
Hydroxyurea | Genetic 
5-Azacytidine [ modification 
(increase in 
gamma gene 
globin expression, 
bone marrow 
transplantation) 
Decreased -{ Nifedipine + Vasodilator 
erythrocyte 


microvascular 


entrapment 


alloantibodies, or other reasons), patients should be carefully 
followed, because they have an increased risk for recurrent 
strokes.?!*4 

Hematopoietic stem cell transplantation (HSCT) is a 
curative therapy for sickle cell disease.*!° The limitation to 
HSCT is the lack of human leukocyte antigen (HLA)-matched 
donors and the risk of graft-versus-host disease, infections, 
infertility, and other transplant complications* The results 
highlighted both the curative potential of bone marrow trans- 
plantation and also the severe limitations, which include con- 
strained matched donor availability, a narrow application to 
the youngest patients in good clinical condition, and rates of 
transplant-related morbidity and mortality.*'° Nevertheless, as 
the experience of transplantation for sickle cell disease has 
expanded, there has been a transition from using this modal- 
ity as an experimental intervention reserved for those most 
severely affected to one in which younger children with early 
signs of sickle-related morbidity are targeted for treatment.*!¢ 
Umbilical cord blood units (CBUs) are now considered an 
acceptable source for hematopoietic stem cell transplantation 
(HSCT) when HLA-identical donors are unavailable, CBUs 
have been used successfully in HLA-matched sibling HScT 
for children with sickle cell disease.” 
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Consideration 


by simple transfusions 


Source: Charache S, et al (Eds): Management and Therapy of Sickle Cell Disease. U.S. Department of Health and Human Services, Public Health Service, National institutes of Hea 


NIH Pub 91:2117, August 1991. 


It is now possible to efficiently diagnose the presence or 
absence of sickle cell disease in embryos obtained with in- 
vitro fertilization, before implantation.*’ This powerful tech- 
nique may help carrier couples by allowing them to select a 
healthy child without facing the decision of whether or not to 
abort an affected fetus. 

Gene therapy for HbSS disease is also currently being 
investigated. The goal of gene therapy is to replace the B*- 
globin gene with a wild-type B-globin gene for the affected 
patient to produce healthy cells rather than sickle cells. The 
success of gene therapy depends on the ability of researchers 
to isolate, enrich, and insert genes into hematopoietic pluripo- 
tential stem cells and generate safe, stable, erythroid-specific 
replacement gene expression ata level that is sufficient to have 
a clinical effect.**°*°° Autologous transplantation of geneti- 
cally corrected hematopoietic stem cells (HSCs) in patients 
with SCD has been referred to as a gold-standard method, 
with high-efficacy and low-transplant risks.** Due to a variety 
of unique beneficial properties such as lifelong self-renewal 
ability and multilineage differentiation, the patient’s HSCs are 
the perfect target.*° Gene therapy with HSCs is one of the most 
attractive treatment options utilizing gene addition or genome 
editing technologies that can be applied either in vivo or ex 
vivo within a patient, depending on the treatment.° 


b> ADVANCED CONTENT 


- Research is being performed to determine the activity of the 
CRISPR/Cas9 RNA-guided endonuclease as a tool inde- 
veloping effective and safe homologous recombination- 
mediated genome editing to cure beta-hemoglobinopathies,*”>% 
CRISPR (Clustered Regularly Interspaced Short Palin- 
dromic Repeats) is a type of technology being used to edit 
genomes. The CRISPR technology allows the ability to 
alter a DNA sequence and modify the gene function caused 
by a mutation in the beta-globin gene.”* In 2019, the first 
sickle cell anemia patient in the United States was treated 
with CRISPR gene-editing and still remains symptom-free 


TABLE 11-6 General Considerations and Indications for Blood Tr 


“Indications — The 
To improve the oxygen-carrying transport in red cells + Severely anemic as reflected by dyspnea, postural hypotension, high 
cardiac failure, angina, or cerebral dysfunction 

Sudden fall in hemoglobin or hematocrit levels during acute splenic Or heat 
sequestration crisis : 

Hemoglobin level <5.0 g/dL or hematocrit of 15% in patients who exhibit bine 
and dyspnea along with erythroid hypoplasia or aplasia i 


To improve microvascular perfusion by decreasing + Life-threatening events, such as cerebrovascular accidents including stokeand | 
the number of red cells containing HbS by partial transient ischemic attacks (TIAs) = 
exchange transfusion + Arterial hypoxia syndrome (fat embolization) 


+ Acute progressive lung disease 
Unresponsive acute priapism | 
Eye surgery when performed under local anesthesia and in the Nonanemic paten | 


ansfusion in Patients With Sickle Cel} Anemia 


x 


| 


1 


| 


from sickle cell disease.***? Approximately 45 patis 
with sickle cell disease or 8 thalassemia have been treaei 
with the CRISPR gene-editing technology.” As a resih 
CRISPR gene-editing represents another cure for SCD* 


EL emmennl 
CRITICAL THINKING QUESTION | 
11-2 Why do individuals who are heterozygous for HgbS 

have fewer symptoms than those who are homozygos 
for Hgb S? 


Hemoglobin C Disease 2«:¢ Trait 


Hemoglobin C (HbC) disease is found almost exclusive)? 
the black population. HbC differs from normal HAYS 
single amino acid substitution of lysine for glutam* 
the sixth position from the NH, terminal end of the F’ 
(Fig. 11-12). This represents the same substitution PY : 
in HbS but with a positively charged amino acid. ‘ 
tural formula for HbC, the presence of which is a at 
to as HbC disease, is «,B,°°"*. HbC is seen vila 
quency in West A frica, particularly northern Ghana. . on 
incidence is 17% to 28%." In the United States only e 
of blacks have HbC disease and 2% to 3% are re 
The clinical manifestations are mild chroni¢ veil 
mia with associated splenomegaly and abdomin® sot 
The red cell morphology is typically normocyt¢ cells o 
chromic or hyperchromic, with numerous 8 ned 
to 90%) and occasionally microspherocy'€s» fran pie 
and folded cells” (Fig, 11-13). HbC crystals Fie ol 
“bar of gold” crystals occur more often in the f° oot 
viduals who have undergone splenectomy than b “tf 
spleen is intact.4! Figure 11-15 is a scanning © ” sia) 
graph (SEM) of hemoglobin C crystals. The |. ei, 
be demonstrated in wet preparations by “ shine tuto” 
and then Suspending them in a sodium cittl© 
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Fella crstayt9!Obin C disease (peripheral blood). Note the 
From Bey A “Bar of gold’ and numerous target cells (postsplenectomy). 
Resoy lOgy. In: Listen, Look and Learn. Bethesda, MD: Health 
ces, 


Inc. with permission.) 
at “yte 


*ount is slightly increased. Hemoglobin bands, 


than 994 ght Teveal approximately 95% HbC plus A,, less 


> and no HbA. Hemoglobins E, O,.,,, C, and A, 
: © same position at alkaline pH; HbC can be 
R fr Do! pH; 

8 MLI9) ®m these other hemoglobins at acid pH“ (see 
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FIGURE 11-15 SEM of hemoglobin C crystals. (From Bell A. Hematology. 
In: Listen, Look and Learn. Bethesda, MD: Health Education Resources, Inc. 
with permission.) 


HDC trait, «,8,B,°°", is present in 2% to 3% of American 
blacks, and these individuals are clinically asymptomatic.” 
The only significant finding on the peripheral blood smear is 
targeting. At alkaline pH, there is approximately 60% HbA 
and 40% HbC plus A,.*° 


Hemoglobin D Disease and Trait 

Hemoglobin D (HbD) disease has several variants. The most 
common variant in American blacks is HbD,,,,,..,. which is syn- 
onymous with HbD, ,. ,.....: It was also known as HbD-North 
Carolina, HbD-Portugal, HbD-Chicago, and Hb Oak Ride. 
HbD-Punjab is prevalent in Pakistan, Northwest India, China, 
and Middle East countries where its frequency is 0.2% to 3.0%. 
In the United States, the frequency is less than 0.02%.** Both the 
homozygous («,B,'7!°"°) and the heterozygous (a,B.,B,'7!"Sin) 
states (where glycine is substituted for glutamic acid) are asymp- 
tomatic. The peripheral blood smear is unremarkable, except for 
a few target cells. HbD migrates electrophoretically to the same 
position as HbS and HbG at alkaline pH but migrates with HbA 
at acid pH. HbD is a nonsickling soluble hemoglobin. 


Hemoglobin E (HbE) disease occurs with greatest frequency 
in Burma, Thailand, Cambodia, Laos, Malaysia, and Indone- 
sia with an incidence of 15%.* In the United States, it is a rare 
disease.” The homozygous state (a,B,*""*) presents with lit- 
tle or no anemia, target cells, and microcytic, hypochromic red 
cell indices.** Alkaline electrophoresis reveals approximately 
95% to 97% HbE plus A,, and the remainder of the hemoglobin 
is HbF. HbE migrates with HbC and HbO, ., at alkaline pH 
but migrates with HbA at acid pH. HbE trait (2,8, 8,7") 
is asymptomatic clinically. Microcytosis, target cells, and 
approximately 70% HbA and 30% HbE plus A, are noted on 
routine electrophoresis.** HbE is slightly unstable, and there 
is an associated thalassemic component with this hemoglo- 
bin variant. This is responsible for the microcytosis and the 
lower-than-expected quantified value of HbE in HbAE.* 

It has been postulated that HbE may protect against malaria, 
because areas such as Thailand that are highly endemie for 
malaria also have a high incidence of the HbE gene. Some 
authors attribute this effect to the fact that the parasite Pigs 
modium falciparum multiplies more slowly in HbE red 


than in the HbAE or HbAA red cells.® Cells 
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Hemoglobin O,,,, Disease and Trait 


Hemoglobin O,.,, (HbO, ,,) disease is a rare inherited hemo- 
globin mutation in the B-globin gene that occurs in individu- 
als of Balkan or North African black descent.4*“° Homozygous 
O,,4, (&,B,'2!%"™4) disease exhibits a mild hemolytic anemia 
with slight splenomegaly and target cells on the peripheral 
blood smear.** This hemoglobin migrates electrophoretically 
with HbC, HbE, and HbA, at alkaline pH but separates at acid 
pH, migrating in the HbA position (see Fig. 11-10). In the 
heterozygous state of HbO, ,, (a,8,B,'"0"""), the patient is 
asymptomatic.*° 


Hemoglobin S With Other Abnormal 
Hemoglobins 


As mentioned previously, sickle cell disease is a generic term 
for a group of genetic disorders that includes sickle cell ane- 
mia and hemoglobinopathies in which HbS is found in asso- 
ciation with another abnormal hemoglobin, and the sickle 
B-thalassemia syndromes.’’ This section focuses on defining 
the disorders that have HbS and another abnormal hemoglo- 
bin. Sickle 8 thalassemia is briefly mentioned at the end of 
this section. The common and uncommon forms of sickle cell 
disease are listed in Table 11-7. 


Hemoglobin SC Disease 

Hemoglobin SC (HbSC) disease (a,8,°™B,°C"*) occurs 
when the gene for HbS is inherited from one parent and that 
for HbC from the other.** About 0.12% of black Americans 
have SC disease.” Patients with HbSC disease are generally 
less anemic and experience a milder course than those with 
HbSS disease. However, because of increased blood viscosity, 
this condition has a greater incidence of cerebral vasculopa- 
thy, retinal hemorrhage, renal papillary necrosis, and necrosis 
of the femoral head.**” 

Peripheral blood smear findings include target cells, folded 
red cells, and occasionally glove-shaped intracellular crystals 
(Figs. 11-16 and 11-17). The solubility test results are posi- 
tive owing to the presence of HbS. Hemoglobin electrophoresis 
at alkaline pH separates HbS and HbC in approximately equal 
amounts (Fig. 11-18). HbF is usually less than 2% compared 
with average HbF levels of about 6% in sickle cell anemia.*! 
Electrophoresis at acid pH confirms the S and C hemoglobins 
(see Fig. 11-10). Table 11-8 compares the incidence of the 
most common hemoglobinopathies found in American blacks, 


TABLE 11-7 Common and Uncommon Forms of Sickle 
Cell Disease 


Uncommon 
(HbSD) hemoglobin SD disease 
(HbSO,.,) hemoglobin 50,45 

(HbSE) hemoglobin SE disease 


Common 


(HbSS) sickle cell anemia 
(HbSC) sickle-HbC disease 


(HbSB') sickle B* thalassemia 
(HbSB° sickle B° thalassemia 


(HbS-Lepore) hemoglobin $ 
Lepore 


FIGURE 11-16 Hemoglobin SC disease (peripheral blood). Note the 
formation of the SC crystal (yellow arrow) and the polychromasia 
(black arrow). 


FIGURE 11-17 Hemoglobin SC disease (peripheral blood). Nee 
type of “Washington Monument’ crystals and target cells. (From be 
Hematology. In: Listen, Look and Learn, Bethesda, MD: Health Rene 
Resources, Inc. with permission.) 
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FIGURE 11-18 Hemoglobin electrophoretic pat 
(3) commercial control, (4) HbSC, (5) HbA-Lepore 
(6) HbAA normal control, 
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Incidence of Common Hemoglobinopathies 
in American Blacks 
: “il Incidence (All Ages) 
0,02% (1 in 4,500) 
: 3.0% (1 in 33) 
0.26% (1 in 375) 
8.0% (1in13) 
0.12% (lin 835) 
0.0696 (1 in 1,667) 


migrate together at alkaline pH, the electropho- 
is similar to that of HbSS disease.** Solubility 


severity of HbSD disease, however, falls 
of sickle cell anemia and that of sickle cell trait.° 
trophoresis separates these two hemoglobins. HbS 

migration point, whereas HbD migrates with HbA 
sition (see Fig. 11—10).*? 


SO, and S-Oman Disease 

n of HbS and HbO, , disease can have a clin- 
itation that is similar in severity to that of HbSS 
The anemia is severe, with typical sickled cells seen 
ipheral blood smear.** This condition might initially 
with HbSC on routine electrophoresis; however, 
mm can be made with acid electrophoresis (see 


n S-Oman (HbS-Oman) is a unique hemoglobin 
carries both the classic sickle mutation in B° and 
nal mutation in '2!"4¥s, which is the same substi- 
served in HbO, , .“ Heterozygotes of HbA/S-Oman 
ith HbS-Oman levels of 20% or less present with 
Complications of sickle cell disease.** 


bin S/B-Thalassemia Combination 

ty of HbS combined with B thalassemia depends 
SEICE Of suppression of B-globin chain synthesis.” 
ebin S/B° thalassemia is a severe condition that clini- 
mbles Sickle cell anemia; on the other hand, HbS/B' 
__» Generally has a milder clinical presentation.’’ The 
to Chapter 12 for a detailed discussion of 
Semia and other hemoglobin variants that occur 
©n With thalassemia. 


Diagnosis of HbS With Other 
en une eM Oglobins 
emo globin, lund in association with another abnormal 
T° hemoglon' diagnosis in many instances can be made 
dj bin electrophoresis alone. However, it may be 
“ekle Bante between HbSS disease and some of the 


Mia syndromes such as HbS P° thalassemia, 
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HbS B* thalassemia, HbS 88 thalassemia, and HbS in associa- 
tion with hereditary persistence of fetal hemoglobin syndrome 
(HbS HPFH), In these cases, the electrophoresis demonstrates 
only HbS, HbF, and HbA. It is important to properly diag- 
nose these disorders because the clinical manifestations and 
subsequent treatment are different. For example, HbS B° thal- 
assemia is similar in severity to HbSS disease. Patients with 
HbS 88 thalassemia have few symptoms; HbS/B" thalassemia 
is a milder form, and HbS HPFH is usually asymptomatic with 
no anemia. Measurement of HbF and HbA, may be helpful in 
distinguishing these conditions because patients with HbSS, 
HbS B? thalassemia, HbS 58 thalassemia, and HbS HPFH all 
have similar electrophoretic patterns. In HbS-f° thalassemia, 
HbA, levels are greater than 3.5%, whereas they are low 
in patients with HbS 88 thalassemia and HbS HPFH.°° 
Generally, HbF levels are higher in all the HbS B thalassemias 
in comparison with HbSS. Assessment of HbF in the parents 
may be indicated when HbS HPFH is suspected. The current 
gold standard for hemoglobin variant identification is High 
Performance Liquid Chromatography (HPLC); however, a 
state-of-the-art laboratory infrastructure and highly trained 
personnel are necessary. Currently, hemoglobin variant iden- 
tification using point-of-care microchip electrophoresis has 
emerged.** The paper-based microchip electrophoresis tech- 
nology helps with diagnosis of hemoglobin disorders in 
resource-limited settings.°°°’ Paper-based microchip elec- 
trophoresis can provide low-cost, rapid, reproducible, and 
accurate point-of-care tests for hemoglobin analysis. This 
technology is ideal for low- and middle-income countries and 
for newborn screening.*>°°°78 

The clinical and hematologic findings in the common vari- 
ants of sickle cell disease are summarized in Table | 1-9. 


CRITICAL THINKING QUESTION 


11-3 Why is electrophoresis the most effective laboratory 
analysis for the diagnosis of HbS with other abnormal 
hemoglobins? 


be ADVANCED CONTENT 


Hemoglobin Variants with Altered Oxygen Affinity 
Hemoglobin variants with altered oxygen affinity are 
caused by mutations of the globin genes.*? 

High-affinity hemoglobins, which are inherited as an 
autosomal dominant disorder, are seen in the heterozy- 
gous state. These hemoglobins bind oxygen more read- 
ily and release it less easily to the tissues, The result is 
tissue hypoxia, which stimulates increased EPO produc- 
tion. This, in turn, causes a compensatory increase in red 
cell mass, with increases in red cell count, hemoglobin, 
and hematocrit, producing erythrocytosis. Other hema- 
tologic parameters are normal. There is a shift to the 
left in the oxygen dissociation curve, and a diagnosis 
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TABLE 11-9 Clinical and Hematologic Finding 


Disease } 
Clinical Severity = Hemoglobin Electrophoresis — 
Sth) ara A AY ate tac Ret (9) 
zi ean erm ide 0 6-10 5-20 >80—Sickle cells npg, 


Lad A aid 


MCV (fl) RBC Morphology 


Normochromic, 
Anisocytosis 
Poikilocytosis 
Target cells 

_ get Howell-Jolly bodies 


SThal Marked to >80 <20 >3.5 0 6-10 5-20 <80 Sickle cells nRBCs 
moderate 


Hypochromic 
Microcytosis 


Anisocytosis 


Poikilocytosis 
— =a i SS Cee ce _—_“Targetcells 
S‘Thal__ Mildtomoderate >60.« <20.-<3.5.—20(A). «9-12. 5-10 <75._—Nosicklecells 


Hypochromic 

Microcytosis 

Anisocytosis 

Poikilocytosis 

aoe a Says : if oath 3 sitet | Target cells 
SC Mild to moderate 50 <5 50 (0) “0 aalmad=16 5-10 75-95 Occasional SCerystas 
Anisocytosis 


Poikilocytosis 


: : toes aS Se Bore Target cells 
SHPFH Asymptomatic >70 >30 <2.5 0 12-14 1-2 <75 No sickle cells 
Anisocytosis 
Poikilocytosis 
Rare target cells 


*Hematologic values are approximate. There Is a tremendous variability betw ¥ jen eget? 
oe ihe y between disease groups and between individual patients of the same group, particularly ™" 

S5 = sickle cell anemia; S° Thal = sickle beta zero thalassemia; S' Thal = sickle beta plus thalass ‘ P 
hemoglobin syndrome; SC = hemoglobin SC disease; nRBCs = nucleated red blood cells, emia; S HPFH = HbS in association with the hereditary persistence 
Source: Charache S, et al (Eds): Management and Therapy of Sickle Cell Disease, U! - 
NIH Pub 91:2117, August 1991. S Department of Health and Human Services, Public Health Service, National Inst 


of fet! 


is established by measuring P,, levels (Fig. 11-19), High more oxygen is released per gram of reoghtin 
_ oxygen affinity variants have a low P.,. Individuals with Bivestratfons 0 i “This “iee ult in decreas? i 
these hemoglobin variants are asymptomatic,” For a globin concent in ith he tev sJopment of a 
review of P,,, refer to Chapter 2. fleece n fe with t a es ascot sd ' 
Hemoglobins with decreased oxygen affinity release a decreas may also be mile El “Heme! 
oxygen quite readily to the tissues. There is a shift to the increased 0 hl saturation Prise il i 

right in the oxygen-dissociation curve and the low oxy- Table 111 4 — Oxy gen ied erythro 

’ a >) 


oe i A 
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b Ranier 
Hb Seattle 


Hb Kansas 


40 60 80 


Op pressure (mm Hg) 


igen equilibrium curve of whole blood from subjects 
Seattle, Hb Kansas, and normal control (HBA). 


Hemoglobins Associated With Altered 


Decreased 0, Affinity—May Have 
Mild Anemia or Cyanosis 


Sees 


94Asn. 
HD rss a8, 


a, B ene : 
Heme 
Bhai 
a 2 B ¥ 1 pee! 


5 alltel 


nemoglobins 
90 Unstable hemoglobins (Fig. 11~20) associ- 
anemias have been described.® Unstable 
hemoglobin yariants in which amino acid 
deletions have weakened the binding forces 
ne structure of the molecule. The instability 
obin to denature and precipitate in the red 
bodies. Most unstable hemoglobin variants 
© utosomal dominant disorders. However, 
€ family history is not always helpful, as 
are common. Many mutations producing unsta- 
Petes are single amino acid substitutions in 
» Y> Or 8-globin chains that affect a few key 
Blobin structure. By far, the majority of these 
= In the B-globin chain, followed by an a-chain 
Y a few in y or 8 chains.® The unstable 
0m amino acid substitutions within the 
alpha or beta polypeptide chains period. 
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FIGURE 11-20 Unstable hemoglobin: Hb Zurich (peripheral blood). 
(From Bell A. Hematology. In: Listen, Look and Learn. Bethesda, MD: 
Health Education Resources, Inc. with permission.) 


The mode of inheritance is typically autosomal dominant.” 
Many of the unstable hemoglobins have high oxygen affinity 
and, therefore, may not cause anemia, making diagnosis in this 
group of patients difficult. When anemia is present, the degree 
of hemolysis associated with an unstable hemoglobin varies 
considerably.® Some patients experience severe chronic hemo- 
lysis with jaundice and splenomegaly. However, most patients 
have a mild compensated condition and seek medical attention 
only after exacerbation of the hemolysis caused by infection 
and increased temperature or exposure to oxidative drugs. 
Reticulocytosis is variable. Hypochromia may be apparent on 
the peripheral blood smear, and the mean red cell hemoglobin 
(MCH) content can be low in some cases because the unstable 
hemoglobin may be denatured and “pitted” out of the cell by 
the mononuclear phagocytic cells of the spleen. 

Hemoglobin electrophoresis IEF or HPLC is usually not a 
very helpful laboratory method to detect unstable hemoglo- 
bins; however, subtle indications of an abnormality may be 
observed.” These include an increased level of HbA, a com- 
mon finding in unstable B-chain hemoglobins, and increased 
HbF (Table 11-11). 

Most hospitals still perform the isopropanol stability or 
heat stability test for detection of unstable hemoglobins. 
The only test that may detect some of the rare unstable hemo- 
globins is globin gene sequencing. In affected neonates, 
sequencing the globin genes, including the gamma globin 
gene, is often needed for a definitive diagnosis,*! 


Methemoglobinemia 


Methemoglobinemia is a clinical condition with methemoglo- 
bin levels greater than 1% of the total hemoglobin. It is a 
rare disorder in which the heme contains the oxidized ferric 
form of iron (Fe**) rather than the ferrous form (Fe?*) form- 
ing methemoglobin.* In this state, the molecule is unable 
to bind oxygen, which results in cyanosis. The blood is choc- 
olate-brown in color. In general, there are three causes of 
methemoglobinemia:** © 


1. Hemoglobin M variants (autosomal dominant Variants in 
the globin genes) 
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TABLE 11-11 Unstable Hemoglobins* 
a-Chain Abnormalities 


(Glu deleted) 


BD sina uy sat a a,™B, de 
Ms = see 
Heme OP — a olde) 
Bx ae a 
HP honk nee me | 
HD ricote a 498, Hb a8," 
ee rill 7 aL, ee i 
Hb 5 a Ahoy ss oes pee ae 
apeat Ss Ae ee 
35Phe 
Re Pov => = a2". Hb psiy a,B, i. TR 
A2Leu | 
OS ao 
A ; 
be ee ew oh Meme OE a | 
be = ) ee Hb ch ap" ee | 
Hb soutouse a,B; 2S 
ee Hb a,B,°"? 
Bristal het 
Hb, Cope 
yydney — 
. HD svecherds Bush o,B,"" i 
a ; HD. st Cun ea 
HD gas OL, ee 
DoS cre Bere —— SS AE 
HD ex CUS K Ne (5 a.a, deleted) 
HD bine «82° - 
; ls Hn ey 
Dbvee @,B,1™ | 
= —— Hb, «,8, 2% 
——— HD greg af," 


“Hemoglobins that may precipitate as Heinz bodies after splenectomy: congenital Heinz body hemolytic anemia. a.a. = amino acids. 


2. NADH-methemoglobin reductase deficiency (autosomal For cases primarily caused secondary to drug exes 
recessive inheritance; see Chapter 10) methylene blue is used to reverse the bound fee j 
3. Toxic substance” (acquired; see Chapter 10) (Fe3 +) of methemoglobin to ferrous iron (Fe? *) : 


There are five variants of hemoglobin M (Table 11-12), Re yan to methylene blue, Begotdic A i. 5 
which result from a single amino acid substitution in the oe Pa oxygen merapy, and ae RO aa 
a- or B- and y-globin chains that stabilizes iron in the ferric a ractory or aevere cases) are used as 
form. A substitution of a tyrosine amino acid for either the ethemoglobinemia.™ 
proximal (F8) or the distal (E7) histidine amino acid in the a, 
B, or y chains is involved for most M hemoglobins. These 
substitutions cause heme iron to auto-oxidize, which results 
in methemoglobinemia. If the substitution occurs in the a 


TABLE 11-12 Hemoglobins Associated With 
Methemoglobinemia and Cyanosis 


chain, cyanosis is present at birth. Cyanosis does not occur s Hemoglobin 
with a B-chain substitution until approximately 6 months a jh a,*¥B, 
age. This correlates with the switch from y to B chains. The HbM,. oe PB, 
presumptive diagnosis of HbM is made from the absorption bead ie a ‘ 2 
spectra of hemolysates and hemoglobin electrophoresis on HOM sass bs 0B," 
agar gel at pH 7.1 6 Patients have obvious cyanosis but oth- i isi «Bo 
erwise are generally asymptomatic. No specific treatment is a 22 


a8,” 


indicated or possible. 
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90% of the hemoglobin variants are 

no acid substitutions in the alpha («)-, 
elta (5)-, or gamma (y)-globin chains as 
a single-point mutation. 


in S (HbS) is produced when valine 
es for glutamic acid in the sixth position of 


in C (HbC) is produced when lysine replaces 
id at position six of the B chain, 


]] anemia (HbSS disease) is the most common 
e cell disease and represents the homo- 

m in which the individual inherits a double 
he abnormal gene that codes for HbS. 


istic morphology in HbSS disease is the 

, which increases the viscosity of the blood, 
0 hypoxia, painful crises, and infarction of the 
ney, and bone marrow. 


of crises associated with sickle cell 
aplastic, hemolytic, and vaso-occlusive 


11 disease, HbS constitutes 80% or more of 
obin content in addition to HbF plus A, 


it represents the heterozygous form of 
ease in which individuals inherit both a 
gene and a sickle globin gene. 


STUDY 11-1 : 
i 1, in the black community was admitted to 

aring acutely ill with fever and abdominal 
examination, an enlarged spleen was 


test results were as follows: 


5,0 g/dL 
15% 

1.4% 10"/L 
22 X 10/L 
1% 


Normal 
400 X< 10°/L 
(see Fig. 11-16) 


bin Clectrophoresis, alkaline pH, showed 
in the Hbs position and one band in the HbC 
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Individuals with sickle cell trait produce both HbA and 
HbS in a ratio of 60:40. 

In sickle cell disease (HbSS) the red blood cell (RBC) 
indices are normochromic and normocytic, with hemo- 
globins ranging from 6 to 8 g/dL, target cells, sickled 
cells, nucleated red cells, and polychromasia. 


The definitive test for HbS is hemoglobin electropho- 
resis on cellulose acetate and citrate agar. 


HbC disease presents with a normocytic, and normo- 
chromic or hyperchromic anemia, and numerous target 
cells, microspherocytes, schistocytes, folded cells, and 
“bar of gold” crystals. 

Electrophoresis in HbC disease shows 95% HbC plus 
A,, and less than 7% HbF. 


Hemoglobin SC (HbSC) disease occurs when an 

HbS gene is inherited from one parent and an HbC 
gene is inherited from the other; morphology includes 
target cells, folded red cells, and glove-shaped 
intracellular crystals. 


Methemoglobinemia occurs when levels exceed 1% of 
total hemoglobin and may be the result of hemoglobin 
M (HbM) variants, NADH-diaphorase deficiency, or 
toxic substances. 


position. The hemoglobins were quantified as 55% HbS and 
45% HbC plus A,. Hemoglobins S and C were confirmed 
by electrophoresis at acid pH. 


QUESTIONS 

1. Does the CBC reveal anemia? 

2. Describe the morphological features of the red blood 
cells that were likely seen on the peripheral blood 
smear of this patient. 

. In reviewing the electrophoretic data, what diagnosis is 
suggested? 

. Comment on crystal formation in this condition. 

. Discuss the clinical presentation of the patient. Is it 

consistent with HbSC disease? 

This girl’s parents have no hematologic problems; 

therefore, for her to have HbSC disease, what would be 

their most likely genotypes? 

. The inheritance of structurally abnormal hemoglobins 
follows simple mendelian laws. With parents having 
the trait form of HbS and HbC, what would be the 
expected genotypes in any of four children? 


Continued 
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CASE STUDY 11-1—cont’d 


ANSWERS 


ihe 


2. 


REVIEW QUESTIONS 


1. 6. 


Yes, there is a low RBC count with low Hgb and Het 
values. 

Numerous target cells are likely present on the peripher- 
al blood smear along with some cells that appear to have 
shadows of precipitating intraerythrocytic crystals. 


. The data suggest a diagnosis of HbSC disease with 


equally strong HbS and HbC bands present. 


. The crystals in HbSC disease appear to be only partially 


formed, or there may be more than one formation. The 
crystals in the red cells often are described as having a 
glove-shaped appearance with several “fingers” protruding. 


Which of the following is true regarding the composi- 

tion of hemoglobin? 

a. Hemoglobin is a polysaccharide. 

b. Hemoglobin contains six polypeptide chains in one 
molecule. 

c. The heme groups are attached to the globin portions. 

d. The heme portion is composed of globin and iron. 


. For proper oxygen transport, iron needs to be in 


the 

a. Ferric 
b. Ferrous 

c. Conjugated 
d. Bound 


state. 


. The most common globin chain abnormalities causing 


hemoglobinopathies are: 

a. Alpha chain abnormalities 
b. Beta chain abnormalities 

c. Gamma chain abnormalities 
d. Epsilon chain abnormalities 


. Which statement is true of qualitative 


hemoglobinopathies? 

a. They result from decreased production of hemoglobin. 

b. They result from increased production of hemoglobin. 

c. They result from abnormal sequencing of amino 
acids in the globin chain. 

d. They result from decreased synthesis of globin. 


. What is the amino acid substitution found in sickle cell 


anemia? 

a. Substitution of valine for glutamic acid in the 
sixth position from the NH,-terminal ® 6 chain 

b. Substitution of lysine for glutamic acid in the 
sixth position from the NH,-terminal # B chain 

c. Substitution of lysine for glutamic acid in the 
26th position from the NH,-terminal # B chain 

d. Substitution of valine for glutamic acid in the 
121st position from the NH,-terminal ® B chain 


Sit 


Generally, HbSC disease has a milder Presentation thay 


HbSS disease; however, this patient Appears to be expe, 


- riencing a severe episode of SC crisis. This is ind 


by her acute illness, abdominal pain, and decrease 


‘hemoglobin and hematocrit without an increase jn Fe 


10. 


reticulocyte count. 


. With no hematologic problems, o one parent would be 


expected to have HDS trait (HbAS), whereas the other 
would most likely have HbC trait (HbAC). 


. The probability for each birth would be 25% for HbAA, 


25% for HbAS, 25% for HbAC, and 25% for HbSC. 


What factors contribute to the sickling of RBCs? 

a. Increase in pH and oxygenation 

b. Decrease in pH and oxygenation, and 
dehydration 

c. Increase in pH and decrease in oxygenation 

d. Decrease in dehydration and increase in pH and 
oxygenation 


. Which is true of sickle cell disease? 


a. Often diagnosed later in life. 

b. Presents as normocytic, normochromic anemia. 

c. Hemoglobin levels are often normal. 

d. Patients have increased risk of tissue injury due to 
vaso-occlusion. 


. Why is antibiotic therapy an effective treatment for 


sickle cell disease? 
a, It rehydrates the patient to combat sickling of red 
cells. 
. It provides pain relief. 
. It replaces hemoglobin levels 
d. It treats underlying infections that often precipitate 
a crisis. 


oe 


. Why is S. pneumoniae a dangerous bacteria for sickl 


cell patients? 
a. Splenic dysfunction predisposes patients t0 
infection with encapsulated bacteria 


: z : . in cickle 
b. Anaerobic bacteria can cause infections 1n sick 
cell disease. ost 
. eateme > ol r 
c. Sickled cells can’t illicit a proper immune respe 


, «ants a less 
d. Decreased neutrophil counts give patien's ® 


immune reaction. 


2 .: acted 
Which of the following laboratory results is €XP© 


in sickle cell disease? 

a. Normal hemoglobin levels 

b. Hemoglobin levels of 10 to 12 mg/dl. 
c. Hemoglobin levels of 6 to 8 mg/dl 


d. Increased hemoglobin levels 


CHAPTER 11 


REVIEW QUESTIONS— contd 


4s the amino acid substitution found in HbC 


jtution of valine for glutamic acid in the sixth 
n from the NH,-terminal ® 6 chain 
ibstitution of lysine for glutamic acid in the sixth 
sition from the NH,-terminal ® 8 chain 
bstitution of lysine for glutamic acid in the 26th 


sition from the NH,-terminal ® 8 chain 


nificantly increased retics 


is substituted for 
nic acid 


in HbD disease? 
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16. HbS and HbC separate on which lab analysis, helping 
to diagnose HbSC disease? 
a. Acid pH electrophoresis 
b. Acid elution test 
c. Alkaline pH electrophoresis 
d. Antiglobulin test 


17. Which of the following characterize unstable 

hemoglobins? 

a. Hemoglobin variants in which amino acid 
substitutions or deletions have weakened the 
binding forces that maintain the structure of the 
hemoglobin molecule. 

b. Most unstable hemoglobins are inherited recessive 
disorders. 

c. The majority of the unstable hemoglobin single 
amino acid substitutions are in the delta globin 
chains. 

d. The method of choice to detect unstable 
hemoglobins is hemoglobin electrophoresis. 


18. Methemoglobin levels greater than what percent 
define the clinical condition of methemoglobinemia? 

. 10% 

b. 20% 

c. 1% 

d. 5% 


bss) 


See answers at the back of this book. 


34 
BM, Joly P, Pissard S, Wajcman 
IH, Hardison RC, et al. 
relevant updates of the HbVar 
hemoglobin variants 
4 mutations. Nucleic Acids 
021;49(8):D1192-D1196. 
Murphy C, Eakins E, 
(MB, Daves M, Vecchiato C, 
into the complex patho- 
of sickle cell anaemia and 


7 ‘ 

20 “atment, Eur J H I. 
é imp iin aemato 

Mlle atapey elongated and 


9 e Corpuscles in a case 


Arch Intern Med. 


_ Lafferty JD, Waye JS, Chui DH, Crawford 


L, Raby A, Richardson H. Good practice 
guidelines for laboratory investigation 
of hemoglobinopathies, Laboratory 
Hematology: Official Publication of the 
International Society for Lab Hematol; 
2003;9(4):237-245. 


_ Wild BJ, Bain BJ. Detection and quantita- 


tion of normal and variant haemoglobins: 
An analytical review. Ann Clin Biochem. 
2004;41:355. 


. Kanter J, Liem RI, Bernaudin F, 


Bolafios-Meade J, Fitzhugh CD, : 
Hankins JS, et al. American Society of 
Hematology 2021 guidelines for sickle 
cell disease: stem cell transplantation. 
Blood Adv, 2021;5(1 8):3668-3689. 


_ Brandow AM, Carroll CP, Creary S, 


Edwards-Elliott R, Glassberg J, Hurley 
RW, et al. American Society of Hematology 
2020 guidelines for sickle cell disease: 
management of acute and chrogis pain. 
Blood Adv. 2020;4( 12):2656-2701. 


10. 


Sedrak A, Kondamudi NP. Sickle Cell 
Disease. [Updated 2021 Nov 7]. In: 
StatPearls [Internet]. Treasure Island 
(FL); StatPearls Publishing; 2022 Jan-. 
Available from: https://www.ncbi.nlm. 
nih.gov/books/NBK482384/ 


. Piel FB, Steinberg MH, Rees DC. Sickle 


cell disease. N Engl J Med 2017;376: 
1561-1573. 


. Eaton WA, Bunn HF. Treating sickle cell 


disease by targeting HbS polymeriza- 
tion. Blood. 2017;129(20):27 19-2726, 


. Li X, Dao M, Lykotrafitis G, Karniadakis 


GE. Biomechanics and biorheology of 
red blood cells in sickle cell anemia, 
Journal of Biomechanics. 2017;50:34-41., 


. Evidence-Based Management of Sickle 


Cell Disease: Expert Panel Report, 2014. 
National Institutes of Health: National 
Heart, Lung and Blood Institute. Ac. 
cessed from: https://www.ohlbi.nih. 
gov/health-topics/evidence-based- 
management-sickle cell-disease 


CHAPTER 12 


Hemolytic Anemias 


Intracorpuscular Defects: 
Thalassemia 


Samantha J. Peterson, PhD, MS, MLS(ASCP)™ 


CHAPTER OUTLINE 


Laboratory Diagnosis 
Routine Hematology Procedures 


Introduction 


Genetics of Hemoglobin Synthesis 
A Broad Clinical Classification of 
Thalassemia Syndrome 


Pathophysiology 


Thalassemia Syndromes 
Beta Thalassemia 
Alpha Thalassemia 
Other Thalassemia and Thalassemia- 
like Conditions 


Flow Cytometry 


Routine Chemistry 


Hemoglobin Electrophoresis 

High Performance Liquid 
Chromatography 

Hemoglobin Quantitation 


Differential Diagnosis of Microcytic, 
Hypochromic Anemia 


- Russell Aaron Higgins, MD 


Treatment 
Blood Transfusion 
Other Treatments 
Curative Treatment 
Prevention 
Summary Chart 
Case Study 12-1 
Case Study 12-2 
Case Study 12-3 
Review Questions 
References 


LEARNING OBJECTIVES | 


At the end of this chapter, the learner should be able to: 


Identify the normal human hemoglobins and their 
composition. 


12-1 


Define thalassemia. 

Describe the hemoglobin alteration that leads to 
thalassemia. 

Explain the genetic defects related to thalassemia. 


12-2 
12-3 


Describe the clinical expression of different gene 
combinations of « and B thalassemia. 


Compare and contrast the a and B thalassemias, 
including their etiology, pathophysiology, clinical 
presentation, and laboratory findings. 


he thalassemias are a diverse group of genetic disorders 

that clinically manifest as anemia of varying degrees. 
These disorders are the result of a decrease in production of 
the globin-chain portion of the hemoglobin molecule, Thalas- 
semias are one of the most common inherited disorders in the 
world, with an estimated 100,000 to 200,000 infants born with 
a severe form each year. 

In 1925, Thomas B. Cooley and Pearl Lee described the first 
cases of severe thalassemia in several North American children 
of Mediterranean origin. “Cooley’s anemia” is still a com- 
monly used term for this form of severe thalassemia, which is 
also termed thalassemia major. The name “thalassemia” was 
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12-7 Describe the condition of Hereditary Persistence of 
Fetal Hemoglobin (HPFH). 

12-8 List the hallmark laboratory findings associated with 
thalassemia, including CBC values, hemoglobin 
electrophoresis results, and peripheral blood smeaf 
appearance. 

12-9 Describe the laboratory techniques used to screen 
for and diagnose thalassemia. 

12-10 Differentiate thalassemia from iron-deficiency 
anemia based on laboratory findings. 
12-11 Identify common treatments for thalassemia, along 
with their known complications. 
Jater The ist 
applied to these clinical syndromes a few years 7 
is derived from the Greek word thalassa, which " ia 


because at that time, all of the cases described we hat 
Mediterranean coastal region. It is now wel! know! B 
distribution of thalassemia is worldwide and not fe" the om 
the Mediterranean Sea area. It was later reall et pee 
inal severe clinical disease described by ‘ “ooley W® an 
of a homozygous defect in hemoglobin Pr duction. ta 
many milder cases described as “thalassem'4 minime 
assemia minor” were manifestations of @ heterozy" 

In contrast with hemoglobinopathies such nt 
ease, hemoglobin C, or hemoglobin E, !" “ hich 


- A 


as gic 


structurally abnormal globin chain (a qualita- 

thalassemia syndromes result from decreased 
‘one of the globin chains (a quantitative change). 
nor exceptions, the globin chains produced are 
‘normal, but there is an imbalance in production 
different types of chain, resulting in an absolute 
the amount of normal hemoglobin formed, as well 
s production of one type of chain that may pre- 
induce hemolysis. There are two major types of 
alpha (a) thalassemia, which is caused by a defect 
thesis of a chains; and beta (8) thalassemia, caused 
in the synthesis of 8 chains. The original cases 
Dooley were cases of homozygous 8 thalassemia. 
id distribution of thalassemia is summarized in 
The thalassemias are predominant in Italy, 
Africa, India, and Southeast Asia. However, due 
ent and migration of individuals, thalassemias 


‘Hemoglobin Synthesis 

in hemoglobins have the same general tetram- 
mposed of two alpha-like chains and two 
The alpha-like chains include alpha (a) and 


are produced throughout embryonic, fetal, 
They result from various combinations of 


SSS a Thalassemia 
G3) £ Thalassemia 
GSES a + 6 Thalassemia 
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alpha- and beta-like chains. Refer to Table 12-1 for a listing of 
the composition of the normal human hemoglobins. The table 
also includes composition of abnormal hemoglobins seen in 
thalassemia syndromes. 

The production of hemoglobin chains occurs from the 
transcription and translation of genes organized into clusters. 
The beta gene cluster is located on chromosome 11, while the 
alpha gene cluster is located on chromosome 16. The struc- 
ture of the globin genes includes coding regions (exons) and 
noncoding regions (introns), along with regulatory sequences 
found outside the gene clusters. The gene clusters also include 
pseudogenes (8, Wa, WC) that are similar in sequence to 
their normal gene counterparts but do not result in any synthe- 
sized globin product. 

The beta-like globin genes on chromosome 11 are arranged 
in the order that they are produced throughout development. 
From 5’ to 3’, their orientation is as follows: e—Gy—Ay—WB— 
5 — B. The cluster also includes the Locus Control Region 
(LCR) that is found on the 5’ end of the gene cluster, respon- 
sible mainly for gene activation’ (Fig. 12-2). 

There are two, identical, alpha-like globin genes (a1, «2) 
found on chromosome 16 that make up a total of four alpha 
globin genes. However, the a2 gene is expressed at two to 
three times the rate of the «1 gene.* Each gene is arranged 
from the 5’ to the 3’ end as follows: £ — b{ — Wa2 — bal — 
a2 — al. The alpha gene cluster also includes the regula- 
tory sequence HS40, a nuclear-hypersensitive area that lives 
upstream from the gene cluster and, like the LCR near the beta 
cluster, plays an important role in gene activation (Fig. 12-2). 

The thalassemia disorders are a direct result of genetic 
alterations affecting the alpha and beta gene clusters. Alpha 
thalassemias occur mainly due to gene deletions, whereas 
beta thalassemias result from various genetic mutations.” 
Genetic mutations that lead to thalassemias most often include 
those of the promotor sequences, nonsense mutations, stop 
codons, and splice site mutations. They influence globin chain 


FIGURE 12-1 World distribution of 
alpha (cx) and beta (p) thalassemia. 
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TABLE 12-1 Composition of Hemoglobins Found in Normal Human Development and Abnormal Hemoglobin, 


Found in Thalassemia 


Globin Chains 


a Thalassemia 


Chromosome 11 


H L Wl ban Way op 
5) SS O_o 


Chromosome 16 


FIGURE 12-2 Top: Diagram of the B gene cluster on chromosome 11 
including the locus control region (LCR) at the 5’ end. Bottom: Diagram of 
the a gene cluster on chromosome 16 including the nuclear-hypersensitive 


area at the 5’ end. 


production by interfering at various stages of transcription, 
RNA processing, and translation.* However, in all cases, the 
result is the same: decreased or absent production of globin 


chains. 


Pathophysiology 

The pathology of thalassemia results from an imbalance of 
globin chains. Decreased production of a single globin chain 
leads to an overall decrease in normal functional hemoglo- 
bin resulting in a microcytic, hypochromic anemia. Because 
a-like and B-like globin chains assemble in a balanced fash- 
ion, decreased production of one globin chain results in a 


Gower 2 
Gower 1 
Portland 
H 


Bart's 


relative excess of the other globin chain. For example, ._ 
B thalassemia, there is a reduced or absent 8 chain prody. 
tion resulting in an excess of unmatched a globin, which thes 
accumulates in red blood cells. The accumulation of exces 
globin chains damages the red blood cell or red blood cel 
precursors, manifesting as either peripheral hemolysis orine- 
fective erythropoiesis, respectively. | 
In the case of « thalassemia, the excess y chains and 
chains can form tetramers: hemoglobin Bart’s (y,) and hem 
globin H (B,), respectively. However, these hemoglobias 
are physiologically useless and will precipitate in older rd 
blood cells, causing a shortened red cell life span. The | 
abnormal hemoglobins may be detected in the iphet 
blood as a diagnostic clue for a thalassemia. In the 
B thalassemia, the excess a chains form a, precipitates O# 
trigger apoptosis of the red cell precursors in the bone ma 
row, resulting in ineffective erythropoiesis. In seve iat 
of B thalassemia, there is a selective survival of cells prods 
ing hemoglobin F, which then becomes a diagnostic clu 
a homozygous form of B thalassemia. Although ¢ 
ineffective, erythropoiesis and hemolysis play roles #8 
B thalassemia syndromes; hemolysis predominates ine 
a thalassemia, whereas ineffective erythropoies's P 
nates in severe B thalassemia (Fig. |2-3)- 


a 


sceateieeneeseemeieinemeeeee ee 


CRITICAL THINKING QUESTION 

12-2 How coulda lab scientist working in th 
department detect thalassemia in a patient sim? 
through peripheral blood smear analysis? 
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A Broad Clinical Classification of Thal? | 
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‘thalassemia minor. A fourth category, termed 
a, is applied to healthy silent carriers who 
symptoms and minimal to no hematologic 
different genetic backgrounds that result in 
cal outcomes are summarized in Table 12-2. 
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Severe a thalassemia 
(hemoglobin H disease) 


Decreased a 


FIGURE 12-3 Diagram of globin chain imbalance. Excess 
globin chains precipitate and damage red blood cells and 
their precursors. Destruction of red blood cells within the 
bone marrow (ineffective erythropoiesis) predominates in 
severe B thalassemia. In contrast, hemoglobin H precipi- 
tates and damages circulating red blood cells (hemolysis) 
in severe a thalassemia. Notice the changes in hemoglobin 
constitution of the peripheral blood with thalassemia: 
hemoglobin F is increased in severe B thalassemia and 
hemoglobin H is detectable in severe « thalassemia. 


the beta thalassemias rather than their genotypes. The pheno- 
typic categories include 6 thalassemia major, B thalassemia 
intermedia, and 8 thalassemia minor. Each phenotypic cate- 
gory varies in clinical course including onset, clinical presen- 
tation, and survival. 


Beta Thalassemia Major 

8 Thalassemia major is the most severe clinical expression 
of B thalassemia and occurs in patients with homozygous B° or 
8* thalassemia (8°/B°, B*/B*) or with compound heterozygous 
6° and B* thalassemia (8° B*). Homozygous B thalassemias are 
encountered in geographic regions with greater consanguin- 
ity. However, it is more common for a B thalassemia major 
patient to have a compound heterozygous disorder. When two 
inherited mutations are severe, they greatly decrease the pro- 
duction of 8 globin, producing severe, transfusion-dependent 
clinical disease. 

B Thalassemia does not manifest in utero because the fetus 
produces fetal hemoglobin, hemoglobin F (a2ry2), rather than 
adult hemoglobin, hemoglobin A (@282). The transition, or 
switch, from fetal to adult hemoglobin begins in the third tri- 
mester and continues until complete at about 6 months; there- 
fore, infants with B thalassemia syndromes do not present 
clinically until after birth. 

In thalassemia major, a severe hypochromic, microcytic 
anemia develops during the first year of life. The hemoglobin 
level is typically <7 g/dL and consists mostly of hemoglobin 
F and hemoglobin iN Infants with B thalassemia major usu- 
ally present within the first year of life with failure to thrive, 
pallor, recurrent infections, and abdominal enlargement due 
to splenomegaly. On clinical presentation, the diagnosis can 
be confirmed with the presence of anemia, abnormal blood 
smear (see Fig. 12-4), elevated hemoglobin F, and the demon- 
stration of the B thalassemia trait in both parents, 

In nontransfused and inadequately transfused infants, 
this severe chronic anemia is a strong stimulus for erythro. 
poiesis. This causes marked expansion of the marrow space 
and characteristic skeletal changes of the skull, long bones 
and hand bones. The skull radiographs show widening of 
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TABLE 12-2 Genetic Background of the Different Clinical Co 


Genetic Background aes: 
Homozygotes 
Homozygous B° 


_ Homozygous B* 
Homozygous 88 


Homozygous Hb Lepore 
Homozygous HPFH 


Homozygous a°-thalassemia (—/-) 


Homozyous a*-thalassemia (-c/—c) 


Compound Heterozygotes 


Compound heterozygous B°/severe B* 


Compound heterozygous **/severe B* or B° 


Compound heterozygous 88/° 


Compound heterozygous Lepore/3B 


Compound heterozygous Lepore/B? or B* 


Compound heterozygous HPFH/B? or Bt 


Compound heterozygous E/B? or B* 


urses of Thalassemia 


Ty 


Ree 


Thalassemia major 

Thalassemia major or intermedia 
Thalassemia intermedia 
Thalassemia major or intermedia 
Thalassemia minima 

Hemoglobin Bart’s hydrops fetalis 


Thalassemia minor 


Thalassemia major 


Thalassemia major or intermedia 


Thalassemia major or intermedia 


Thalassemia intermedia 


Thalassemia major 


Thalassemia minor 


Thalassemia major or intermedia 


Compound heterozygous C/B° or B* 


Thalassemia intermedia or minor 


Compound heterozygous S/R? or B* 


Sickle cell disease 


Compound heterozygous a-thalassemia (-/-a) 


Thalassemia intermedia (hemoglobin H disease) 


Heterozygotes 

Heterozygous B° or B* Thalassemia minor 

Heterozygous B** & = Thalassemia minima : 

HeterozygousBB Thalassemia minor 

HeterozygousLepore # Thalassemia minor ’ 
HeterozygousHPFH = zs « Thalassemia minima 


Heterozygous «° thalassemia 


Thalassemia minor 


Heterozygous «* thalassemia 


the diploid space and characteristic radiating striations giy- 
ing the typical “hair-on-end” appearance (Fig.12~5), The 
marrow expansion of the facial bones produces a charac- 
teristic facial appearance with hypertrophy of the maxilla 
causing forward protrusion of the upper teeth and overbite, 
a relatively sunken nose, widely spaced eyes, and promi- 
nent cheek bones, resulting in what is referred to as cra- 
niofacial abnormalities (Fig. 12-6). The long bones of the 
hands and feet have cortical thinning with porosity of the 
medullary space on radiographs. These changes are not a 
specific feature of ® thalassemia and are found in other 
severe, chronic congenital anemias, but they are most 
prominent in B thalassemia major. 

Without careful medical supervision and a therapeu- 
tic program (see later), these children will have numerous 


Thalassemia minima 


pei ymegaly: et 
complications, including massive hepatosplenoms 


dent 
rent infections, spontaneous fractures, leg uloers uJ 
orthodontic problems, and compression syndromes cs ot 
tumor masses from extramedullary hematopoles!> ei al 
dition is left untreated, these children will usually 
childhood. 
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cal expression of thalassemia, bridging ‘* Ad asym 
severe B thalassemia major and the mild, oa gefial 

atic anemic state of B thalassemia INO" | 
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Peripheral smear from a patient with B-thalassemia major. 
nucleated red cells, Howell—Jolly body in the hypochromic 
numerous target cells, and moderate anisocytosis 

isis (Wright's stain). (From Bell A. Hematology. In: Listen, 
Bethesda, MD: Health and Education Resources, Inc., 
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Pbear. llation of the diploic space and the typical 
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"lations sd by subperiosteal bone growth in 
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fom mild dia is relative because the clinical state 
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FIGURE 12-6 Face (A) and profile (B) of an 11-year-old child, with homo- 
zygous B thalassemia who is receiving hypertransfusion. The characteris- 
tic craniofacial changes are not as prominent as those in an untransfused 
child but are still present. Note the bossing of the skull, hypertrophy of 
the maxilla with prominent malar eminences, depression of the bridge of 
the nose, and slant of the eyes. 


The serum bilirubin level is significantly more elevated 
in patients with 8 thalassemia intermedia than in those with 
6 thalassemia major. This is a result of dysregulated hepcidin 
in B thalassemia minor patients, which leads to increased iron 
absorption in the gastrointestinal tract and subsequent iron 
overload in the liver.’ These patients may develop the physi- 
cal and bony characteristics of B thalassemia major including 
hepatosplenomegaly. The anemia usually becomes worse with 
infections, pregnancy, or folic acid deficiency states. These 
patients are susceptible to frequent, sometimes severe, infec- 
tions and gallbladder problems owing to the formation of gall- 
stones. Children usually have an acceptable level of growth 
and development (although puberty may be delayed by a few 
years), and they reach adulthood if infections are controlled 
and if they enjoy good nutrition with particular emphasis on 
prevention of folic acid deficiency. They may become trans- 
fusion dependent if severe hypersplenism occurs. This usually 
requires splenectomy. Women with B thalassemia intermedia 
may become pregnant and may require blood transfusions as 
well as folic acid supplementation throughout pregnancy. In 
spite of the lack of transfusion, patients with B thalassemia 
intermedia develop iron overload as a result of the increased 
absorption." 

Beta Thalassemia Minor 

6 Thalassemia minor is the least severe clinical form of beta 
thalassemia and occurs from the heterozygous inheritance 
of either the B° or B” thalassemia gene (B°/B, B*/B). Patients 
with thalassemia minor are usually diagnosed incidentally to 
+ family study of an index case with thalassemia major, by 
population screening, or by an incidental laboratory finding. 
Laboratory findings include a mild microcytic, hypochromic 
anemia, usually in the 10 to 13 g/dL range (Fig. 12~7), Jy 
general, the levels of hemoglobin A, and F are mildly ele. 
vated. Patients are asp pMeNs except during Periods of 
stress such as pregnancy, infection, or folie acid deficiency, 
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FIGURE 12-7 Peripheral smear from a patient with thalassemia minor. 
Note the microcytosis and hypochromia with mild anisocytosis and 
poikilocytosis. A few target cells and basophilic stippling are present. 
(Wright's stain, magnification x 400) 


Some patients with very mild mutations show no clinical 
or laboratory evidence of anemia (normal hemoglobin A,). 
They are sometimes designated by the B~ haplotype and are 
called silent carriers. Beta thalassemia minor patients usually 
require no therapy if they maintain good nutrition and exhibit 
normal survival rates. However, it is important that they not 
be misdiagnosed as having iron deficiency, since iron defi- 
ciency anemia requires specific treatment. 
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CRITICAL THINKING QUESTION ’ 


12-3 Why is there such heterogeneity in the clinical 
presentation of the beta thalassemias? 


Alpha Thalassemia 

Remember a thalassemias result mainly from gene deletions 
in which one or more of the alpha genes is rendered non- 
functional, rather than the genetic mutations seen in the beta 
thalassemias that lead to varying levels of B globin produc- 
tion. There are also less common, nondeletional causes of 
« thalassemias and certain mutations that result in unstable 
a globin chains. The nondeletional « thalassemias tend to be 
more severe. However, despite the genetic defect, the result 
is a decrease in alpha-globin production. Alpha thalassemias 
are most common in patients from the regions of the Medi- 
terranean, Africa, the Middle East, India, and all of East and 
Southeast Asia. The most severe cases occur in Southeast Asia 
and certain Mediterranean Islands.” 


Alpha Thalassemia Genetic Nomenclature 
The a® gene designation, also sometime called alpha thalas- 
semia 1, refers to a deletion of both a genes (a1 and a2) on the 
same chromosome. As a consequence, there is a completely 
absent production of a chains from the affected chromosome. 
Because both a-globin genes are deleted, the genotype can 
be designated — ~, and a patient who is homozygous for the 
« thalassemia mutation would be designated ——/—~, 

The typical a” thalassemia genotype, also referred to as 
alpha thalassemia 2, has a deletion of a single a-globin gene 


Da. 


on chromosome 16, which leaves the other q. 
intact and able to function. Deletion of one a-gl 
characterized by a reduced output of « chains, T 
mutation is also denoted as — a. Other less ¢ 
of a* thalassemia genes are caused by nondel 
a®?a, affecting a chain synthesis. This is similar to he a 
uation in the B thalassemias in which numerous dire Sit 
mutations can occur. Depending on the type and locati erent 
the mutation, several processes can be affected that | 
decreased production of a globin. A third type of thal 

semia genetic background is associated with highly neal 
a-globin structural mutants, which precipitate in ted bio 
cells. An example is hemoglobin Constant Spring, resulting y 
a long and unstable alpha chain. - 

Unlike the B thalassemias, the a-thalassemia haplotypes 
correlate fairly well with their respective phenotypes. The 
phenotypes can be classified into four categories: « thalas. 
semia major (hemoglobin Bart’s hydrops fetalis), hemoglobin 
H disease, o thalassemia minor, and the a thalassemia silent 
carrier. Each phenotypic category varies in clinical course 
including onset, clinical presentation, and survival, which will 
be discussed in the following sections. 

In contrast to 8 thalassemia, a thalassemia is usually mani- 
fested immediately at birth or in utero. This early presentation 
reflects the switch from embryonic hemoglobin to fetal hem- 
globin (a,y,) around 6 to 8 weeks of gestation. 
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Alpha Thalassemia Major (Bart's Hydrops Fetalis) 
The most severe expression of « thalassemia is & thalassemia 
major, also known as hemoglobin Bart’s hydrops fetal 
which is caused by homozygous inheritance of the a? thalas 
semia gene (~-/—-). This is a lethal disease, and intan’ with 
hemoglobin Bart’s hydrops fetalis die either in utero” _ 
after birth. They produce no « chains, and the on!) a 
globins found are hemoglobin Bart’s (y,) 2x4 hemos 
Portland (¢,y,). Because hemoglobin Bart's is useless e 
oxygen carrier, survival of these fetuses into the third 
ter or until birth is entirely due to the presence of he" ia 
Portland. This condition is quite common in Southess™ 
but is also found sporadically in the Mediterranea? ele 

At delivery, these infants are severely anemic al a 
atous, and demonstrate ascites, marked hepatome? it 
splenomegaly. The mothers may report a history Oy 5 
or neonatal deaths. The clinical significance °! this * rect 
related to the obstetric problems that may arise in Oy of 
infants’ mothers. Pregnancy is often complica ot ge 
eclampsia, labor complications, and postpartum “ui hi, 
all of which contribute to severe morbidity an monde 
ical emphasis for this entity is on the prevention ie gkiller 
through early antenatal diagnosis. In the hands venti Be 
nicians, ultrasound screening may be used ©° ' “punt 
hydrops fetalis as early as the first trimeste? P © ih °™ 
have the means, it is more commonly diagnose 
onic villus sampling. '* 


Hemoglobin H Disease < 
The second most severe clinical express!" 
is hemoglobin H disease. In this entity: "5 ihe © 
gene out of four is functional. This is S"" 


ha ar 


a t 0 
One ot | 


ozygosity of the deletional «° thalassemia 
a haplotypes (— — /— «) but can also arise 
s who have nondeletion mutations (— ~/a'°a 
Nondeletional hemoglobin H disease usually 
severe clinical course.'” 

emoglobin H disease is similar to B thalas- 
nedia in that it covers a wide range of severity. 
m having a mild anemia to potentially requir- 
transfusion. Because there is a switch from fetal 
B) globins around the time of birth, infants and 
different hemoglobin compositions. Adults with 
disease will have from 5% to 40% hemoglobin 
is mostly hemoglobin A with a small amount 
A, and hemoglobin Bart’s. Infants who later 
obin H disease usually have between 19% 
lobin Bart’s at birth, with the remainder com- 
moglobin F and hemoglobin A. Hemoglobin H 
n Bart's can easily be identified by hemoglobin 
s, because they migrate anodal to hemoglobin A 
. 12-8). These are sometimes referred to as 
s. In addition, hemoglobin H shows a charac- 
of multiple ragged inclusions in many red 
ion with brilliant cresyl blue, the so-called 
nce (Fig. 12-9). 

nts have nearly normal hemoglobin levels 
egaly, the diagnosis must come from clinical 
boratory testing. Most cases are discovered 
1 will have episodic periods of anemia, pal- 
S during which they may be discovered to 
mic, microcytic anemia, leading to an even- 
s. These episodes of anemia may be associated 
infections, medications, or other illnesses. 


listones, and bone marrow expansion. The 
Present in about one-third of cases but are 
it Seen in seyere B thalassemia. Splenomegaly, 
‘orsen the anemia and sequester platelets, so 
y benefit from a splenectomy. Some cases 
ility, with deep vein thrombosis and pulmo- 
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of hemoglobin H disease but may occur in older patients and 
patients requiring regular transfusion. Anemia may worsen 
during pregnancy, and when it occurs, other factors such as 
iron or folate deficiency should be investigated. Patients over 
6 years old can be considered to have hemoglobin H disease if 
greater than 1% to 2% hemoglobin H is detected, and there are 
typical inclusion bodies in the red blood cells after incubation 
with brilliant cresyl blue. 


Alpha Thalassemia Minor 

a Thalassemia minor is most commonly caused by defects 
of two of the four w-globin genes. This is usually the result 
of heterozygous inheritance of «° thalassemia genes (— —/cc) 
but could also be the result of homozygous inheritance of o* 
thalassemia genes (-a/— a). The condition is characterized by 
the presence at birth of 5% to 15% hemoglobin Bart’s, which 
disappears with development and is not replaced by hemo- 
globin H. Adults, therefore, will have a normal hemoglobin 
electrophoretic pattern. 

Patients with a thalassemia minor are generally asymp- 
tomatic with mild microcytic hypochromic anemia. The mean 
corpuscular volume (MCV) is usually between 70 and 75 fL. 
They are identified either incidentally or by screening pro- 
grams in regions with a high prevalence of a thalassemia. 
This condition exists in 3% of African Americans and may 
be confused with iron deficiency. Identification of individ- 
uals with a thalassemia minor is, however, very important. 
Pregnant women with « thalassemia minor and women with 
a thalassemia minor who are planning pregnancies are at risk 
for hemoglobin Bart’s hydrops fetalis and its associated mor- 
bidity and mortality. Identification of thalassemia minor is 
also important to prevent the unnecessary treatment of misdi- 
agnosed iron deficiency. 


Alpha Thalassemia Silent Carrier 

The last category of a thalassemia is the silent carrier of a 
thalassemia, due to the inheritance of one «* thalassemia allele 
(also called alpha thalassemia 2 allele). This is the result of a 
defect in one of the four w-globin genes and is characterized by 
the presence of a very small amount (up to 2%) of hemoglobin 
Bart’s at birth. After the disappearance of hemoglobin Bart’s 
during development, no recognizable hematologic abnormality 
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Hematology. In: Listen, Look and Learn. Bethesda, MD: Health and 
Education Resources, Inc., with permission.) 


is present, except for a borderline low MCV (78 to 80 fL). This 
condition is found in up to 30% of African Americans. 

Patients who carry the a* thalassemia haplotype are 
asymptomatic and, again, may only be picked up by screening 
programs or by incidental, abnormal laboratory data. These 
individuals are not anemic and have normal blood smears, but 
a slightly low MCV can be a clue to the carrier state. Women 
who are silent carriers are not at risk of hemoglobin Bart’s 
hydrops fetalis; however, they may have children with hemo- 
globin H disease. 

There is a need to separate a thalassemia minor from silent 
carrier of a* thalassemia in women because of the risk asso- 
ciated with hemoglobin Bart’s hydrops fetalis. Although the 
level of hemoglobin Bart’s at the time of birth may be pre- 
dictive of a thalassemia minor versus silent carrier, there is 
overlap. Also, ethnicity may be helpful when estimating risk. 
The only way to know for sure is through molecular analysis 


of the a genes. 


Mother's haplotype 
Father's haplotype 


FIGURE 12-10 Simplistic look at the 
interactions of deletional mutations of 

« thalassemia. The severity of disease is 
predictable and depends on the number 
of deleted a-globin genes. 


In the simplest terms, deletional type my 
in predictable clinical syndromes such that four den 
produce hemoglobin Bart's hydrops fetalis, thre tony 
tions produce hemoglobin H disease, two del etions le 
a thalassemia minor, and one deletion produces a sien a 
(Fig. 12-10). Because nondeletion mutations anq bea 
bin variants can also combine with deletional globin 
mutations, the actual molecular basis for « thalassemige 
dromes is more heterogeneous. The different genetic a 
grounds associated with the four different clinical XPress 
of « thalassemia are summarized in Table 12-3, 


tations 


Other Thalassemias and Thalassemia-Like Conditions 
Hemoglobin Constant Spring 

One unique and important nondeletional a-globin Variant j 
hemoglobin Constant Spring. The mutation is abbreviated 
afs and is the result of a point mutation in the Q.,-globin gene 
It may be considered an a” thalassemia genotype because j 
affects only one of the two a-globin genes. The point mutatio, 
alters the natural stop codon, allowing translation to continye 
until the next stop codon farther downstream on the mRNA 
The end result is an a-globin variant with 31 extra amino acids 
at its tail end. a°S combines with B-globin to produce hemo. 
globin Constant Spring (Hb CS). Hb CS can be detected 
hemoglobin electrophoresis at alkaline pH as a slow mignt 
ing band. Heterozygous patients are asymptomatic without 
hematologic abnormalities and produce only small amouis 
of Hb CS (1%), while homozygotes have a thalassemia mint 
with microcytosis and 5% to 8% Hb CS. Hb CS is foundit 
Southeast Asia, where it can combine with other prevaletl 
a thalassemia haplotypes to produce o thalassemia syndrom’s 


Hereditary Persistence of Fetal Hemoglobin 
Hereditary persistence of fetal hemoglobin (HPFH) «ot 
prises a group of conditions characterized by the persistem™ 
of fetal hemoglobin synthesis into adult life. HPFH is caus 
by either an absence of 8- and B-chain synthesis or a ack 
‘y-chain suppression. Depending on the genetic defect, this 
result in a complete absence of HbA and HbA,, leaving” 
hemoglobin produced in the adult to be Hb F. Howevth 
large production of Hb F compensates for the loss of 5 
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Genetic Background of a Thalassemia Clinical Syndromes (Mating Combinations) 


eee aa a" ae 
@ carrier a carrier carrier thal minor 
uf thal minor thal fnirtot ‘ thal minor H 
—— thalminor —_—thalminor—thalminor 
a Carrier thal minor q thal minor 4 H i nee 
thal minor H ace a a ork ae 


otype; a: = deletion of one «-globin gene; «a = Hb Constant Spring; «®c = nondeletion «x thalassemia gene; - = deletion of both a-globin genes (Note: the 
ting from the combination of these genotypes is found at the intersection of the corresponding column and row); N = normal clinical phenotype; « carrier = 
semia, 5%-15% Hb Bart's at birth, mild anemia; thal = « thalassemia minor, 0%-2% Hb Bart's at birth, minimal hematologic changes; H = hemoglobin H 


oglobin Bart's hydrops fetalis. 


So patients with HPFH do not experience sig- 
ogic abnormalities. 
categories of genetic defects causing HPFH. 
on within the beta globin gene cluster, and 
$ mutations or polymorphisms of regulatory 
: promotor of the +-globin gene.'’ HPFH can 
to two categories according to the dis- 
bin F among the red cells. Fetal hemo- 
nt than adult hemoglobin to elution at 
demonstrated on a peripheral smear by 
of Kleihauer and Betke. Using this stain, 
ions can be divided into a pancellular form, 
bin F is uniformly distributed among the 
rocellular form, in which hemoglobin F is 
percentage of the cells (Fig. 12-11). In 
containing hemoglobin F, also called F 
be found, but the amount is always less 
less than 1%. 
w cytometry has been used to separate 
cellular distributions of hemoglobin F. 
ssed later in this chapter with the other 
eful in the diagnosis of thalassemia. 


Ce 


a Pen eau Betke stain of blood froma patient with hered- 


‘gg 90 the hemoglobin (HPFH). Note that all red cells stain 
In; amounts of hemoglobin F. (From Bell A. Hema- 


1 "es ne ok and Learn. Bethesda, MD: Health and Education 
Permission.) 


Pancellular HPFH Various forms of (58)° HPFH have been 
described, all of which produce a pancellular distribution of 
hemoglobin F. One common form is the African (HPFH 1), 
in which there is a deletion of the 5- and B-globin genes 
and increased synthesis of “y and “y chains, which almost 
completely compensate for the lack of production of 6 and 
B chains. Hemoglobin F constitutes 100% of the hemoglobin 
in the homozygous state and 15% to 30% of the hemoglobin in 
the heterozygous state. The hemoglobin F is homogeneously 
distributed among the red cells and consists of a mixture of “y 
and “y chains. Clinically, the homozygotes will demonstrate 
features of thalassemia minor and the heterozygotes will be 
hematologically normal. 

Nondeletion HPFH, “yB* and “yB*, generally produces a 
pancellular distribution of hemoglobin F. An example is the 
Greek/Sardinian/African “yB* HPFH, in which about 15% 
hemoglobin F is present in the heterozygous state. This hemo- 
globin F is also found uniformly distributed among the red 
cells but is only of the “y type. The homozygous state for this 
type of pancellular HPFH produces no significant hemato- 
logic abnormalities. 


Heterocellular HPFH Heterocellular HPFH appears to be an 
inherited condition in which the number of F cells is increased 
without concurrent alteration in 8- and B-chain production. 
Collectively these are called the heterocellular HPFH, or 
sometimes “Swiss HPFH,” but in reality, they are a heteroge- 
neous group, which has not been completely elucidated at the 
molecular level. These generally produce a mild increase in 
hemoglobin F, which is rarely greater than 5%. Some of these 
are the result of a point mutation and rearrangements, while 
others are not even linked to the B-globin gene cluster. 


> ADVANCED CONTENT 


Delta-Beta Thalassemia and Hemoglobin 

Lepore Syndrome 

Delta—beta (88) thalassemias are a diverse group of thal- 
assemias characterized by a combined defect in §- and 
B-chain synthesis. They can be described as demonstrat- 
ing a near-normal level of hemoglobin A, and an unusually 


SS 
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; Combination Disorders 
high level of hemoglobin F in the heterozygote, and absent —_Ajthough thalassemia has been described in aeoctatin 
W 


hemoglobin A and A, in the homozygote. All 58 thalas- —_ jarge number of hemoglobin structural variants the f ‘ 
semias studied thus far have been shown to be the result —_gjscussion considers only the interactions with a Ollowing 
of a deletion. They can be described at the genetic level as mon hemoglobin variants (i.e., B thalassemia ities Com. 
_ three different entities, depending on the amount of DNA _ pin S, hemoglobin C, and hemoglobin E, and « th i Io. 
lost: hemoglobin Lepore syndrome (88)' results from apat- — with hemoglobin S) a assemig 


__ tial deletion of the 8- and B-globin genes, (5f)’ thalassemia 
_ from a complete deletion of the 5- and f-globin genes, and 
| (4y5B)° thalassemia from a deletion of the “y-globin gene 
__ in addition to the deletion of the 8- and B-globin genes. 68 ; Bear ie 
_ Thalassemias are less common than 8 thalassemias and 35% hemoglobin fy oe Leite Semen: of the proportion 
_ have been found sporadically in Greeks, Africans, Italians, found in patients with sickle cell trait. This condition jg the 
and Arabs. result of the inheritance of a hemoglobin S gene from ons 
Historically, 88 thalassemias were divided into two parent and a B-thalassemia gene from the other. B Thalassemia 
groups according to the types of fetal hemoglobin pro- with hemoglobin S (also called is B-thalassemia Sickle cel 
Widuced. To be more consistent with nomenclature of other Syndrome) |has'been widely seen in Africa, the Mediterrateay 
_ thalassemias, the 58 thalassemias are now designated  '°4 the Middle East, and the West Indies. There is great variety 
" according to the deficiency of globin chains: (8B)*, (88)’, in the clinical severity of this syndrome, depending mostly o, 


B Thalassemia With Hemoglobin S This condition Was f 
recognized in individuals who had inherited a single lias 
globin S gene and demonstrated about 65% hemoglobin § an 


and (“y8B)°. the type of B-thalassemia gene inherited. If the B-thalassemia 
One particular type of 5B thalassemia involves the 8° is the B° type, no hemoglobin A is produced, and the 
production of an abnormal hemoglobin called hemoglo- clinical condition is similar to classic sickle cell anemia, 


bin Lepore, named after the family in which it was first characterized by severe anemia presenting in early child 
found. It has been shown to be a fusion of the 8 and B® hood and recurrent sickling crises. If the B-thalassemia gene 
chains, which is the product of a fusion gene formed by __ 1S the B” type, some hemoglobin A is produced, and thes 
an unequal crossing over. At least three different hemo- patients have less severe sickling crises than those in the 
globin Lepores have been described, varying in the exact B° group. The severity of clinical disease reflects the degree! 
location of the unequal crossing over. Heterozygosity for decreased B globin produced by the B* mutation. 
88 thalassemia and hemoglobin Lepore results ina mild _q Thalassemia With Sickle Cell Anemia The occurrence of 
form of anemia that is clinically described as thalassemia _ thalassemia in conjunction with sickle cell anemia has® 
minor and is similar to the condition of patients with het- _ positive influence on the clinical expression of the diseast 
erozygous f3 thalassemia. Patients with such a genetic background have an increased 
The y-chain synthesis in 68 thalassemia is usually more _ percentage of hemoglobin F, which is thought to result in 
efficient than in B thalassemia or hemoglobin Lepore, and _ decreased severity of the sickling process. Of interest is the 
in general, 5B thalassemia produces a milder clinical dis- fact that the amount of hemoglobin F present is roughly 
_ ease than the latter two. The yy chain is able to combine proportional to the number of a-globin genes affected 
effectively with a chain to make functional hemoglobin _ Patients with the a” thalassemia trait have an average of 16% 
(hemoglobin F); therefore, the accumulation of unmatched hemoglobin F, and those with the a’ thalassemia trait have" 
« chain, which can damage cells, is reduced. The overall average of 8% hemoglobin F.” 
effect is a partial compensation by hemoglobin F for the 
decreased production of hemoglobin A and A,, Patients with : 
homozygous 8f thalassemia have a clinical course similar hemoglobin C syndrome demonstrates gre 
to ® thalassemia intermedia. On the other hand, patients clinical and hematologic manifestations, wh wi 
with the homozygous state for hemoglobin Lepore, which related to the type of B-thalassemia gene that interac at 
does not compensate as well as 6B thalassemia, have a more hemoglobin C gene; however, the great majority ® be 
severe transfusion-dependent thalassemia. with this syndrome are West Africans and African ee. 
Patients with 5f thalassemia may also be compound In this racial group, the B* thalassemia gene 'S — i 
heterozygotes. For example, a patient may have a 68 compound heterozygosity for § thalassemia and hemos". 


i r mn 
thalassemia genotype on one chromosome and a f thal- Cis characterized by a mild degree of usually 25y 
assemia genotype on the other chromosome, These com- “UTA, In Which the clinical and hematologi¢ eo | 
pound heterozygous individuals contribute to the clinical Y&TY Similar to those found in heterozygous 8 thalass a | 
heterogeneity of the thalassemia syndromes. Compound B Thalassemia With Hemoglobin E Compound hele | 
heterozygous 5 thalassemia and P thalassemia produces ity for B thalassemia and hemoglobin E is unusua re 
a clinical course similar to B thalassemia intermedia; how- it results in a clinical disorder that is much more sever oe 
ever, compound heterozygous hemoglobin Lepore and 8 — homozygous hemoglobin E disease. Patien's with “ 
thalassemia produces a clinical course similar to B thal- —_ drome are distributed widely throughout Southeast! Ao 
assemia major. condition follows a clinical course very similarto tsi 

zygous B thalassemia, with a very severe ane” 


a _ 


idhood and the development of the characteristic 
halassemia major if the patient is not started on a 
yd transfusion program. In contrast, homozygous 
E results in microcytosis without significant clin- 


Diagnosis 


‘of thalassemia is the finding of a microcytic, 
anemia, Although more sophisticated laboratory 
re needed to define exactly the type of thalas- 
inal diagnosis of thalassemia can be made or 


ood Cell Analyzer 
d cell analyzers provide hemoglobin levels, 
blood cell indices (see Chapter 32). The red 
Ces are invaluable to clinicians and laboratory 
sorting through the differential diagnosis of 
hromic anemia. Thalassemia minor charac- 
in hemoglobin level, hematocrit, mean 
ne (MCV), and mean corpuscular hemoglo- 
junction with a normal-to-increased red blood 
a normal to mildly decreased mean corpus- 
concentration (MCHC), and a normal red 
bution width (RDW). In contrast, the RDW 
assemia major, thalassemia intermedia, and 
se. The decrease in MCV is usually striking 
ite to the decrease in hemoglobin and hema- 
conjunction with the relatively high RBC 
RDW, offers a useful discrimination index 
us a or thalassemia and iron deficiency.”” 
he RDW is increased and the decrease in 
king and observed only when the anemia is 
ozygous 3 thalassemia, the MCH is usu- 
nd the MCV below 70 fL, whereas the hemo- 
Sin the 9 to 11 g/dL range. 
fozygous thalassemia, there is often a relative 
That is, the RBC count is high relative to the 
el, A general rule is that, in nonthalassemic 
hemoglobin is three times the RBC count. 
ht with a RBC count of 4 million will have 
evel of approximately 12 g/dL. However, thal- 
ts have a relative erythrocytosis, so the hemo- 
be much less than three times the RBC count, 
individual with heterozygous B thalassemia 
Count of 4 million and a hemoglobin level 
_Honstrating a relative erythrocytosis in an indi- 
MCY should alert the interpreter of a possi- 
4nd further testing is indicated. 


IKING QUESTION 
Ne automated hematology results, such as the 
4nd RBC indices, be used to aid the diagnosis 
sSemia? 
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Peripheral Blood Smear Examination 
The careful examination of a well-prepared peripheral smear 
is essential to the diagnosis of thalassemia. 


Wright’s Stain In homozygous 8 and compound heterozy- 
gous non-w thalassemia, the peripheral smear demonstrates 
extreme anisocytosis and poikilocytosis with bizarre shapes, 
target cells, ovalocytes, and large numbers of nucleated red 
cells (see Fig, 12-4). There is marked hypochromia and 
microcytosis. In heterozygous B thalassemia, the cells are 
hypochromic and microcytic with a mild to moderate degree 
of anisocytosis and poikilocytosis. Target cells are fre- 
quent, and basophilic stippling is often seen (see Fig. 12-7). 
The peripheral smear of a patient with the sickle cell thalas- 
semia syndrome can be differentiated from that of a patient 
with pure sickle cell anemia by the presence of hypochromia, 
microcytosis, numerous target cells, and only an occasional 
sickle cell. 

In hemoglobin H disease, the peripheral smear demon- 
strates hypochromia with microcytosis, target cells, and mild 
to moderate anisopoikilocytosis. Patients with heterozygous 
a° thalassemia usually demonstrate a mild hypochromia and 
microcytosis, whereas those with heterozygous «* thalas- 
semia usually have a perfectly normal peripheral smear. 


Supravital Stains The reticulocyte count is usually elevated 
up to 10% in hemoglobin H disease and up to 5% in homozy- 
gous B thalassemia but is disproportionately low in relation to 
the degree of anemia in the latter condition. 

In hemoglobin H disease, incubation of the red cells with 
brilliant cresyl blue stain causes in vitro precipitation of hemo- 
globin H owing to the redox action of the dye. This results in 
a characteristic appearance of the majority of the red cells, 
which display multiple discrete inclusions, the appearance of 
which has often been compared with that of golf balls (see 
Fig. 12-9), Occasionally, and after extensive searching, such 
cells containing hemoglobin H inclusions can be found in the 
a° thalassemia carrier. 

In patients with homozygous B thalassemia or hemoglobin 
H disease who have undergone splenectomy, incubation of the 
blood with methyl violet stain can demonstrate Heinz body— 
like inclusions, which represent in vivo precipitation of the 
abnormal hemoglobin. 


Acid Elution Stain The acid elution technique (see Chapter 31), 
originally described by Kleihauer and Betke, is based on the 
fact that at an acid pH of about 3.3, hemoglobin A is eluted 
from an air-dried, aleohol-fixed blood smear, whereas hemo- 
globin F is resistant to elution, After such treatment and subse- 
quent staining with eosin or erythrosin, normal adult red cells 
appear as very faint ghosts. Red cells containing hemoglo- 
bin F demonstrate a variable amount of stain, depending on 
the amount of hemoglobin F present. A controlled prepara- 
tion containing a mixture of adult and cord cells must also 
be stained and examined in parallel to check the quality of 
the technique, as this technique is very sensitive to many 
variables. Flow cytometry can also be used to assess hemo- 
globin F distribution (see later) and may suffer less from the 
confounding variables of the Kleihauer~Betke test, 
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This stain is very useful in demonstrating the distribution 
of hemoglobin F and can be used to differentiate between 
pancellular and heterocellular HPFH. It is also useful in dif- 
ferentiating heterozygous $8 thalassemia from heterozygous 
pancellular HPFH, because the former usually has a hetero- 
cellular distribution of hemoglobin F. 


Osmotic Fragility 

The red cells of patients with homozygous or heterozygous 
6 thalassemia, hemoglobin H disease, and a® thalassemia trait 
have a decreased osmotic fragility. This fact is not very useful 
for diagnostic purposes in a specific patient, but it is the basis 
of a simple, inexpensive method of screening for the thalas- 
semia carrier state in large populations. 


Flow Cytometry 

Flow cytometry of red blood cells using fluorescently labeled 
antihemoglobin F antibodies can be used to determine whether 
the distribution of hemoglobin F is pancellular or heterocellu- 
lar. Red blood cells are permeabilized and then incubated with 
antihemoglobin F before being loaded onto the flow cytome- 
ter. As red blood cells pass through the laser in single file, they 
are simultaneously counted and assessed for the presence of 
hemoglobin F. The end result is either one peak, representing 
a single population of red blood cells containing hemoglobin 
F, or two peaks, representing separate populations with and 
without hemoglobin F. 

Flow cytometry is useful in the same situations where 
Kleihauer—Betke acid elution is useful. Individuals with 
hemoglobin F in the 20% range may have either heterozygous 
HPFH or heterozygous 6f thalassemia, and the flow cytome- 
try method can identify the pancellular and heterocellular dis- 
tribution of hemoglobin F, respectively”! (Fig. 12-12). 


Hemoglobin Electrophoresis 
Hemoglobin electrophoresis has played an important role 
in the diagnosis of thalassemia by allowing the detection 
of increased levels of hemoglobin A, and hemoglobin F as 
well as the presence of abnormal hemoglobins. Hemoglo- 
bin H, hemoglobin Bart’s, hemoglobin Lepore, hemoglobin 
Constant Spring, or other structurally abnormal hemoglobins 
can be found in association with thalassemia (hemoglobin S, 
hemoglobin C, hemoglobin E). Table 12-4 contains a sum- 
mary of the different patterns of the hemoglobins present in 
the non-a thalassemia syndromes. 

Routine hemoglobin electrophoresis to confirm the diag- 
nosis of thalassemia is performed at an alkaline pH around 
8.4 on cellulose acetate, starch, or agarose gels. At alkaline 


200 
FIGURE 12-12 Flow cytometric analysis to 160 
determine hemoglobin F distribution, The 2 120 
x-axis represents the amount of hemoglobin in 5 
red cells, and the y-axis represents the amount 8 80 
of red blood cells. A pancellular distribution " 
of hemoglobin F in an individual with HPFH is 
shown in the diagram at left. A heterocellular 0 
distribution of hemoglobin in an individual 10° ol 


with heterozygous (5B)° thalassemia is shown 
in the diagram at right. 


<——_ 


pH, the hemoglobins migrate from the most catho 
most anodal in the following order: first hemoglobin 
stant Spring, then hemoglobins A,, C, and E Phigrite Con. 
same band; next hemoglobins S and Lepore, again in ; 1 the 
band; then hemoglobin F, followed by hemoglobin 
globin Portland, hemoglobin Bart’s, and finally, hemoglobin j 
The different patterns of migration of these hemoglobins an 
illustrated in Figure 12-8. An example of alkaline cle 
phoresis on agarose gel with some commonly encountered 
entities is shown in Figure 12—13. Cellulose acetate or star 
gel electrophoresis can be performed at low to neutral pi 
detect hemoglobin H and hemoglobin Bart’s easily, as they 
migrate anodally (i.e., in the direction opposite to the othe: 
hemoglobins) at this pH. These procedures are useful as a sec. 
ond method of confirmation since primary identification of 
hemoglobins are performed by high performance liquid chro- 
matography or capillary electrophoresis. 


dal to the 


he Same 
A, hemp. 


Cellulose Acetate 

Cellulose acetate electrophoresis has replaced starch gel clec- 
trophoresis in most laboratories, owing to its simple, rapid 
method. It uses a smaller sample than starch gel electropho- 
resis, and minor components such as hemoglobin Constant 
Spring and small amounts of hemoglobin A, may be over 
looked. Small amounts of hemoglobin A in the presence of 
mostly hemoglobin F also can be difficult to detect. 


Other Gels 
Starch gel electrophoresis is a little more cumbersome and 
time consuming. The results of the starch gel electrophoresis 
are similar to those of the cellulose acetate procedure. Ele 
trophoresis with starch gel is better at defining the presente 
of hemoglobin Constant Spring and should always be used 
such a variant is suspected. 

Citrate agar gel electrophoresis, which is performe? 
acid pH between 5.9 and 6.2, is helpful in identifying haw 
globin variants that can be inherited along with thalassemi™ 


High Performance Liquid Chromatography 
Cation-exchange high performance liquid chrom fi 
(HPLC) is commonly used to identify potential heme Z 
variants and to quantitate hemoglobin A, and heme ‘: 
HPLC separates molecules based on their mo’ ie we 
a mobile phase and a stationary phase. The hemosle’ a d 

ecule’s corresponding retention time in the mobile P™ ple 
be used to elucidate its identity. Some advantags* a wif 
include its requirement of a smaller sample s!2° compa” yet 


‘ : ‘ ili of 
hemoglobin electrophoresis, along with its ability 
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Levels of Hemoglobins A, A,, and F in the Different Non-a Thalassemias 
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phoresis at alkaline pH. Lanes 1 and 7 are controls 
F, and A. Lanes 3 and 4 are normal individuals 
individual with B thalassernia minor (A, = 4.7%). 
th @ thalassemia minor; « thalassemia minor 

al A,. Lane 2s an individual with B thalassemia 
Swiss HPFH" (F, = 7%). 


noglobins. However, it is more costly to per- 
globin electrophoresis, so it is not commonly 
~ ies. Hemoglobin electrophoresis pro- 
Analysis of Hbs, but HPLC or capillary elec- 
'S quantitation of the hemoglobin fractions. 


Quantitation j 
Perienced observer can detect an increased 
in A, or hemoglobin F on cellulose acetate 


or starch gel electrophoresis, actual quantitation is necessary 
to truly establish the diagnosis of thalassemia. 


Hemoglobin A, Quantitation 

The elevation of hemoglobin A, is an excellent tool for the 
detection of a heterozygote carrier of B thalassemia. The level 
of hemoglobin A, ranges between 3.5% and 7% in heterozy- 
gous f thalassemia, whereas normal values are always less 
than 3.5%. A few rare variants of B thalassemia minor with 
normal or borderline Hb A, do exist and can be further inves- 
tigated with family studies or molecular testing. Also, in an 
iron-deficient patient with 8 thalassemia minor, hemoglobin 
A, may be reduced to normal levels. 

The percentage of hemoglobin A, can be quantified by 
densitometric scanning of gels after electrophoresis, micro- 
column chromatography, HPLC, or capillary electrophoresis. 
HPLC and capillary electrophoresis are commonly used meth- 
ods for quantitating hemoglobin A, because of their Superior 
precision compared with other methodologies. Hemoglobins 
A, F, S, and C can also be quantitated on some HPLC systems. 
Limitations of HPLC include the coelution of some hemoglo- 
bin variants with hemoglobin A,, which prevents accurate 
quantitation, and overestimation of A, in carriers of hemoglo- 
bin S secondary to hemoglobin S adducts.” 


Hemoglobin F Quantitation 

The hemoglobin F levels are useful in the definition of the type 
of thalassemia involved, and a summary of the levels of hemo- 
globin F corresponding to the different types of thalassemia can 
be found in Table 12-4, The hemoglobin F level is normally 
below 2%. Approximately half of the B-thalassemia carriers 
have a mildly elevated level of hemoglobin F, usually below 5%, 


Routine Chemistry 
The indirect bilirubin level is elevated in thalassemia major 


and intermedia, ranging from | to 6 mg/dL. It is characteris} 
cally more elevated in thalassemia intermedia than in 
semia major. thalas. 
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The assessment of the iron status of the patient by the deter- 
mination of the serum iron level, total iron-binding capacity 
(TIBC), and serum ferritin level is useful in the differentiation 
of a thalassemia carrier from a patient with iron-deficiency 
anemia, as well as in the assessment of the iron load in a patient 
with thalassemia major or intermedia, The serum iron and 
serum ferritin levels are low and the TIBC increased in patients 
with iron deficiency. These values are normal in patients with 
thalassemia minor unless they have concurrent iron deficiency. 
Patients with thalassemia major who have been transfused 
have increased levels of serum iron that approach 100% sat- 
uration of the TIBC. The serum ferritin level is elevated and 
indicates the amount of iron deposited in the tissues. 


Differential Diagnosis of Microcytic, 

Hypochromic Anemia 

The differential diagnosis of microcytic, hypochromic anemia 
includes iron deficiency, a thalassemia, B thalassemia, anemia 
of inflammation, hemoglobin E disease, sideroblastic anemia, 
and lead poisoning. Evaluation of the clinical history, hemoglo- 
bin level, and red cell indices (in particular, MCV and MCH), 
and examination of the peripheral smear usually narrow the 
diagnosis. The sometimes-difficult differentiation of the thal- 
assemia carrier from the iron-deficiency state can be achieved 
by evaluating the serum iron and ferritin levels and the TIBC. A 
markedly elevated free erythrocyte protoporphyrin (FEP) iden- 
tifies a child with lead poisoning. Hemoglobin pattern analysis 
usually allows differentiation between a B-thalassemia carrier, an 
a-thalassemia carrier, or the presence of hemoglobin E. The dif- 
ferentiation between these diseases is summarized in Table 12-5. 


CRITICAL THINKING QUESTIONS 
12-5 Why is it important to differentiate thalassemia minor 
from iron deficiency anemia? 


Treatment 

Blood Transfusion 

Blood transfusion remains the major form of therapy for 
symptomatic thalassemia patients. Regular blood transfusions 
suppress ineffective erythropoiesis and subsequent hemolysis, 


TABLE 12-5 Differential Diagnosis of Microcytic Hypochromic Anemia 


a 


lessening patient symptoms associated with each.» The aim 
regular transfusions is to maintain hemoglobin level, shal 
10 g/dL. ie 

Due to the vast heterogeneity in clinical Presentati 
the thalassemias, clinicians have transitioned from Classifyin 
thalassemias based on genetic findings to a treatment-base 
classification. Thalassemia patients are commonly Catego. 
rized clinically as having transfusion-dependent thalassemiy 
(TDT) or nontransfusion-dependent thalassemia (NTD1), 
TDT patients require lifelong transfusion to maintain quality 
of life, whereas NTDT patients may still require transfusiog 
but only in times of crisis such as infection or acute blood loss. 
Patients with severe forms of thalassemia, such as thalassemia 
major, fall under the TDT category, whereas patients with less 
severe forms, such as Hemoglobin H Disease or thalassemia 
intermedia, typically fall under the NTDT category. However, 
it is important to note that these categories are fluid, anda 
patient may move from being TDT to NTDT and vice versa 
based on many factors. 

Three main concerns need to be addressed regarding 
patients with thalassemia major who are on a regular blood 
transfusion program: 


On of 


1. The development of iron overload 
2. The development of alloimmunization 
3. The risk of transfusion-transmitted diseases 


The greatest complication in thalassemia patients rece! 
ing regular transfusions is iron overload. Iron overload may 
lead to organ toxicity and failure, particularly of the heat and 
liver. Because the body has no way of excreting it, iron che- 
lation therapy is used to rid the body of excess iron. Ora! an 
intravenous drugs used for treatment include deferoxa™™ 
deferiprone, and deferasirox. 

Iron overload can also be reduced by increasing the engl 
of survival of the transfused red cells, which requires se" 
of younger red cells (also called neocytes). Young "* a 
and reticulocytes have a lower specific gravity than ae 
cells, and by using a differential centrifugation techniques” . 
blood unit can be separated so that the upper layeT ol ot 
collected. These red cells will have a longer life exp" 
and can decrease the transfusion requirement of @ P*""" 
lengthening the interval of the blood transfusion s¢ hedule: 


nt 


Lead poisoning 


Disorder ROW Serum Iron TIBC Serum Ferritin FEP Aleve 

“fron deficiency T ee i} " AN n - r 
«Thalassemia nl nl 5 aie nl % r= r 
Thalassemia nl “4 nl ‘ nl 7 _ - A 
Hemoglobin E disease nl nl T nl . i r < 
Anemia of inflammation nl ‘ a ‘ c ; ; z 
Sideroblastic anemia . n 


RDW = red cell distribution width; TIBC = total iron-binding capacity; FEP = free erythrocyte protoporphyrin; ni = normal. 
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. Alloimmunization is a recurrent problem of all chronically 
x? fused patients. These patients often develop antibodies 
both white blood cell and red blood cell antigens. Antibod- 
‘as {0 white cell antigens cause febrile nonhemolytic trans- 
pi reactions that are uncomfortable. These reactions can 
pe avoided by routinely transfusing leukocyte-reduced red 
cells. ‘Alloimmunization to red cell antigens is a more serious 
roblem, because this can cause acute or delayed hemolytic 
sion reactions and may seriously affect the availability 
of compatible blood. It is recommended that a complete phe- 
notype of the patient’s red cells be obtained before embarking 
ona regular transfusion program. 

Transfusion-transmitted diseases are a common compli- 
cation in multitransfused patients. In the past, patients with 
thalassemia major often developed hepatitis. This risk has 
been significantly decreased in many areas of the world with 
the introduction of testing for hepatitis C. Some patients may 
develop a chronic form of hepatitis that, in conjunction with 
the toxicity of iron overload, may result in cirrhosis of the liver. 


While less common than it once was, splenectomy may also 
be used in conjunction with, or as an alternative to, transfu- 
sion therapy. It may be especially necessary for patients expe- 
Tiencing massive splenomegaly, as in beta thalassemia major. 
Removal of the spleen allows for a longer RBC lifespan; how- 
ey ious complications may accompany a splenectomy. 


bin F Stimulation 
case of B thalassemias, the production of hemoglobin F 
% can increase the oxygen-carrying capacity of the patient 
and alleviate the accumulation of free a chains. Hydroxyurea 
may be used to stimulate the production of hemoglobin F; 
vestigation into its efficacy in thalassemia patients 
ig" Other drugs that stimulate gamma chain syn- 


ese be used to combine with excess alpha chains and 
alpha chain precipitation and hemolysis.” 


pirative Treatment 


ment of fusion and iron chelation is the mainstay of treat- 
fusion and thalassemia. Rigorous adherence to the trans- 
into elation program can allow individuals to survive 
the regime s however, many are unable to comply with 

Patient REcessary to achieve maximal medical therapy. 
‘nplantation associated with hematopoietic stem cell 
Featment, ON (HSCT) are dependent on patient age, prior 
and Specificity of HLA-matching donors, The 
mes have been associated with patients under 
ton f The disease-free survival rates with transplanta- 

‘a. oling-matched donor cells exceed 80%.” 
“ersus host Sf fansplantation include acute and chronic graft 
iSease, infecti and g jection with the 
"tum of thal » Infections, and graft rejecti 

‘isturbances @8semia. Endocrine complications like growth 


6 Infertility, and failure to enter puberty can also 


occur after transplantation. Therefore, a careful risk assess- 
ment must be made when considering medical management 
versus transplantation. 

New approaches such as gene therapy and gene editing 
may bring cures with fewer complications. In these instances, 
the patient’s own stem cells and DNA are altered to correct 
the thalassemia mutation. However, on August 17th, 2022, the 
U.S. Food and Drug Administration approved Zynteglo, the 
first cell-based gene therapy for the treatment of adult and 
pediatric patients with beta thalassemia who require regular 
red blood cell transfusion. Zynteglo is a one-time gene ther- 
apy product administered as a single dose. Each dose is a cus- 
tomized treatment created using the patient's own cells (bone 
marrow stem cells) that are genetically modified to produce 
functional beta globin.”” 


Prevention 

The current optimal therapy for thalassemia major relies on 
intensive use of a sophisticated level of health care, This can- 
not be achieved in most of the countries where thalassemia 
major is a serious problem without shunting the major thrust 
of the health resources in that direction. Another approach to 
this problem at the health planning level is to decrease the 
number of births of infants with thalassemia major. This has 
been successful in certain countries, particularly Cyprus, 
with the implementation of mass population screening for the 
detection of heterozygous carriers, genetic counseling, and 
antenatal diagnosis for couples at risk. 

Screening for heterozygous individuals may include an 
automated blood count with RBC indices, hemoglobin elec- 
trophoresis, and estimation of A, and F levels. Cut-off values 
of MCV<78 fL and MCH less than 27 pg have been used to 
identify candidates for further study. Hemoglobin electro- 
phoresis and estimation of A, and F can then be performed 
to narrow the possibilities, and molecular studies are useful 
to secure the diagnosis. Developing regions of the world may 
not have access to sophisticated laboratories, so new simple 
methods to augment detection are being sought. A single-tube 
osmotic fragility test may be useful as a screening tool for 
thalassemia in these countries.** Other inexpensive alterna- 
tives for the detection and quantitation of hemoglobins are 
being explored. 

To ensure understanding of test results and its conse- 
quences, proper counseling should be provided to patients 
who have thalassemia trait. For example, couples who each 
carry a B-globin gene mutation are at risk of having a child 
with severe B thalassemia. Perhaps more importantly, women 
who carry an a° thalassemia (——) haplotype are at risk of hav- 
ing a pregnancy complicated by hemoglobin Bart’s hydrops 
fetalis and the associated preeclampsia. 

Prenatal diagnosis, using DNA hybridization techniques 
on sampling from chorionic villi, enables physicians to make 
a diagnosis during the first trimester of pregnancy. Hetero- 
geneity of thalassemia makes molecular diagnosis difficult; 
therefore, it is essential to know the ethnicity of mother and 
father. In this way, the molecular testing can be tailored 
according to the mutations that are most prevalent in the 
region of interest. 
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SUMMARY CHART 


e Thalassemia syndromes are one of the most common 
genetic disorders in the world and are caused by 
reduced or absent production of globin chains. 


¢ Two main types of thalassemia exist: alpha (a) 
thalassemia and beta (8) thalassemia, 


e Most of the B thalassemias are the result of various 
genetic mutations. There are two main types of 
6 thalassemia mutations: B° thalassemia producing 
no B globin and B+ thalassemia producing reduced 
8 globin. In contrast, the majority of « thalassemias 
result from gene deletions. 


e 8 thalassemia can be divided into three clinical cat- 
egories: a severe homozygous form with transfusion 
dependence, 8 thalassemia major; an intermediate 
homozygous form, 8 thalassemia intermedia; and a 
mild heterozygous form with few symptoms, f thalas- 
semia minor. a Thalassemia can be divided into four 
clinical categories depending on the severity of the 
disease: hemoglobin Bart’s (hydrops fetalis syndrome), 
which is lethal; hemoglobin H disease; « thalassemia 
minor; and silent carrier of a thalassemia. 


e Both ineffective erythropoiesis and hemolysis occur 
in thalassemia; however, ineffective erythropoiesis 
predominates in severe B thalassemia (8 thalassemia 
major and intermedia) and hemolysis predominates in 
severe a thalassemia (hemoglobin H disease). 


e Hereditary persistence of fetal hemoglobin (HPFH) 
comprises a group of conditions characterized by 
the persistence of fetal hemoglobin synthesis into 
adult life without producing significant hematologic 
abnormalities. 


A 19-year-old female patient from Bangladesh presents 
with acute infection indicated by fever and high WBC count 
with neutrophilia. She has a known history of intermittent 
jaundice for the past 5 years. A complete blood count gave 
the following results; RBC, 4.30 * 10°/L; Hb, 8.3 g/dL; 
MCV, 76.5 fL; MCH, 19.4 pg; MCHC, 25.4 g/dL; RDW, 
18.9%. The peripheral blood smear showed microcytic, 
hypochromic erythrocytes with a mild anisocytosis, ovalo- 
cytes, dacrocytes, and occasional target cells, 

Further evaluation reveals the following findings; serum 
iron is 149 meg/dL (normal is 60 to 150 meg/dL); TIBC, 
305 mcg/dL (normal is 260 to 360 meg/dL); and ferritin 
level, 276 mcg/dL (normal is 30 to 300 meg/dL), The free 
erythrocyte protoporphyrin (FEP) is normal. Cellulose ace- 
tate electrophoresis shows a slightly decreased hemoglobin 
A, and electrophoresis at alkaline pH showed a fast-moving 
hemoglobin that appeared as a band anodal to Hb A. Upon 


[ia- 


e The thalassemias are generally characterized by 
decrease in hemoglobin level, hematocrit, mean 
corpuscular volume (MCV), and mean corpusciila, 
hemoglobin (MCH), in conjunction with a normal to 
increased red cell count. Peripheral blood smear shows 
microcytic, hypochromic RBCs, ovalocytes, Codocytes 
and basophilic stippling. In severe forms, anisocytosis. 
and nucleated red blood cells may also be present 


e Hemoglobin electrophoresis, HPLC, and/or capillary 
electrophoresis aids in the diagnosis of thalassemia 
by detecting increased levels of hemoglobin A, and 
hemoglobin F, as well as other abnormal hemoglobins 
HPLC and capillary electrophoresis can precisely 
quantitate these hemoglobins. 

e Itis imperative to differentiate thalassemia minor 
and iron deficiency anemia, as both have similar 
laboratory findings, but are treated differently. A 
relative erythrocytosis and normal RDW in thalas- 
semia in contrast to an increased RDW and abnormal 
iron studies in iron deficient anemia can help to difier- 
entiate the two disorders. 


e Transfusion therapy is the most common treatment 
for thalassemia major. However, iron overload is 8 
complication that must be controlled using iron che 
lators. Alloimmunization and transfusion-transmitted 
disease may also occur with lifelong transfusion 
therapy. The only current curative treatment for 
thalassemia is a hematopoietic stem cell transplan! 
although gene editing and gene therapy show proms’ 
as future curative options. 


incubation with brilliant cresyl blue, peripheral blooe 
showed many “golf ball-like” cells with ragged inclu 


QUESTIONS ; 
1. Which of the laboratory findings are abnorme! *" 
what do the abnormal results indicate? 
2. What is the differential diagnosis for these find" 
and which can be ruled out using laboratory resu" 
3. What is the most likely diagnosis and which 
result(s) confirm it? seis? 
4. What is the significance of the patient’s diagn 


ANSWERS ict? 
|. The hemoglobin and RBC indices indica’ ° i 
cytic, hypochromie anemia. The increased | pcs P 
indicates slight variation in the size of the R >. 
} are present on the peripheral a not 
and iron studies are all normal, There is 49 a 


eaten 


; ad 


wy 
jaborst™ 


Jobin present on the gel electrophoresis and ab- 
sal inclusions in the RBCs based on the supravital 


+. ential diagnosis of microcytic, hypochromic ane- 
eludes alpha and beta thalassemia, iron deficien- 
ja, hemoglobin E disease, anemia of inflam- 
sideroblastic anemia, and lead poisoning. The 
ount is very helpful for identifying the etiology 
patient’s microcytic, hypochromic anemia. In 
jency, anemia of inflammation, and sidero- 
anemia, the RBC count is decreased propor- 

o the decrease in hemoglobin. Thalassemias 
relative erythrocytosis in which the RBC count 
fer than expected in proportion to the hemoglo- 

. (RBC count X 3 = expected hemoglobin 
dL) In anemia of inflammation, the MCV is 
ly only mildly decreased, and the peripheral blood 
§ otherwise normal. The iron studies also help to 
t ACD. The MCV is significantly decreased in 
eloped iron deficiency and in thalassemia. 

DW is increased in this patient, which would 
ly point to iron deficiency anemia rather than a 


TUDY 12-2 
old African American male visits the clinic for 
al physical. He reports to be feeling healthy 
complete blood count is performed, and the 
bes are as follows: RBC, 5.16 X 10°/uL; hemo- 
4 g/dL; MCV, 71.8 fL; MCH, 22.0 pg; MCHC, 
IW, 14.1%. A peripheral blood smear shows a 
pochromic red blood cell picture with occa- 
and basophilic stippling. 

and an FEP were ordered and are all 
globin electrophoresis was performed and 
hemoglobin A, 5% hemoglobin A,, and 3% 


the laboratory findings are abnormal, and 
abnormal results indicate? 

differential diagnosis for these findings, 

ich can be ruled out using laboratory results? 
‘the most likely diagnosis, and which laboratory 
Confirm it? 

the Significance of the patient’s diagnosis? 


“MOglobin and RBC indices indicate a mildly 
Me; hypochromic anemia. Poikilocytosis and 
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thalassemia, since a patient with iron deficiency will 
likely have an elevated RDW. However, normal iron 
studies rule out IDA. They also rule out sideroblastic 
anemia, which would show and increase in iron and 
serum ferritin with a decreased FEP. Lead poisoning 
would show an increased FEP. The differential diagno- 
sis is limited to alpha or beta thalassemia. 


. The presence of Hb H (the fast-moving hemoglobin 


anodal to Hb A) on alkaline electrophoresis and the 
presence of Hb H inclusions on the supravital stain 
confirm hemoglobin H disease. 


. Milder forms of hemoglobin H disease present 


episodically during periods of infection, pregnancy, 
and iron or folic acid deficiency. Diagnosis is critical 
to the management and prevention of intermittent 
episodes and for genetic counseling. As a carrier 

of three nonfunctional alpha genes, female patients 
with hemoglobin H disease may experience complica- 
tions during pregnancy and are at an increased risk 

of bearing a child with hemoglobin Bart’s hydrops 
fetalis if partnered with a carrier of at least one alpha 
thalassemia gene. 


basophilic stippling are present on the peripheral blood 
smear, and iron studies are all normal. The hemoglobin 
electrophoresis results are abnormal, showing a 
decreased amount of Hb A and slightly increased 
amounts of Hb A, and F. 


. The differential diagnosis is essentially the same as in 


the first case study. The normal iron studies rule out 
anemia of inflammation, sideroblastic anemia, and iron 
deficiency anemia. The normal RDW also helps to rule 
out IDA. The normal FEP rules out lead poisoning, 
leaving alpha thalassemia, beta thalassemia, and Hb E 
disease. The hemoglobin electrophoresis rules out Hb E 
disease and the alpha thalassemias. 


. Again, the RBC indices are very helpful in supporting a 


diagnosis of thalassemia, as a relative erythrocytosis is 
present compared with the low hemoglobin value. The 
slight decrease in hemoglobin A and slight increase in 

hemoglobins A, and F confirm beta thalassemia minor. 


. It is essential to correctly diagnose both beta and alpha 


thalassemia minor to avoid unnecessary treatment with 
iron, which could lead to iron overload. It is also im- 
portant to identify a carrier of a beta thalassemia gene 
to provide genetic counseling for the patient before 
bearing children. 
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A |-year-old male from Thailand presents with lethargy, 
pallor, and splenomegaly. A complete blood count gave 
the following results: RBC, 4.42 million; hemoglobin, 
6.2 g/dL; MCV, 56.0 fL; MCH, 17.0 pg: MCHC, 21.5 g/ 
dL; RDW, 26.0%. A peripheral blood smear shows a micro- 
cytic, hypochromic red blood cell picture, marked aniso- 
cytosis and poikilocytosis, many nucleated red blood cells, 
and basophilic stippling. High performance liquid chroma- 
tography is the routine hemoglobin testing used in this lab. 
Upon testing the patient’s blood, HPLC showed 0% Hb A, 
92% Hb A,, and 9% Hb F. 

Upon repeat testing on cellulose acetate agar at acid pH, a 
large band appeared in the Hb E position and was quantified 


to be 89%. Iron studies were also performed and came back 
normal. 


QUESTIONS 

1. Which of the laboratory findings are abnormal, and 
what do the abnormal results indicate? 

2. What is the differential diagnosis for these findings, 
and which can be ruled out using laboratory results? 

3. What is the most likely diagnosis, and which laboratory 
result(s) confirm it? 

4. What is the significance of the patient’s diagnosis? 


ANSWERS 

1. The hemoglobin and RBC indices indicate a severe 
microcytic, hypochromic anemia. The RDW is increased, 
indicating wide variation in size of the RBCs. The 


peripheral blood picture is striking with markeg .. . 
cytosis, poikilocytosis, nRBCs, and basophilic «:. 
The differential diagnosis is essentially the same. 
in the first two case studies. The markedly decre.- 
MCY, severity of anemia, and striking periphera} 4 
picture rule out anemia of inflammation. The norm.) 
iron studies also rule out ACD as well as IDA ang 
sideroblastic anemia. The severity of anemia ang 
striking peripheral blood picture rule out thalassem;, 
minor and indicate a severe form of thalassemia. 
However, the hemoglobin electrophoresis shows 2 


lack of Hb A, indicating an absence of beta chains, 
while also showing a large amount of Hb E. 


. Due to the severity of the anemia, striking RBC picture 


and large presence of Hb E on electrophoresis, th 
patient likely has a compound heterozygous inheritance 
of a B° gene and Hb E. 


. Typically, coinheritance of a thalassemia and hemo- 


globinopathy results in a mild, asymptomatic, or even 
positive clinical outcome. Hemoglobin E disease on its 
own results in a mild clinical course. However, th 
bination of beta thalassemia and hemoglobin E disease 
results in a severe anemia, resembling beta thalassemia 
major. This case is a good example of the heterogenet’y 
of the thalassemia syndromes. It is most common '0 
people of Southeast Asian descent. It is important !o 
identify the precise genetic background of these patiea’s 
for proper treatment and future genetic counseling 


REVIEW QUESTIONS 


1. Which of the following hemoglobin alterations is 
responsible for the thalassemias syndromes? 
a. Amino acid substitution 
b. Abnormal incorporation of iron molecule 
c. Decreased or absent production of globin chains 
d. Decreased or absent production of porphyrin rings 


2. Which of the following genetic defects is responsible 
for the majority of a thalassemias? 
a. Point mutations 
b. Substitutions 
c. Insertions 
d. Deletions 


3. What is the clinical expression of a patient compound 
heterozygous for the B° and a severe B"? 
a, Thalassemia major 
b. Thalassemia intermedia 
c. Thalassemia minor 
d. Thalassemia minima 


4. Which of the following thalassemias is characte" 


. Which type of thalassemia has primarily I 


‘ 


a variable amount of B4 hemoglobin, episodic pe" 
of anemia, pallor, and weakness, and charactens'" os 
ball-like inclusions on a periphera! blood smears!" 
with brilliant cresyl blue? 

a. Beta thalassemia major 

b. Hemoglobin Bart’s hydrops fetalis 

c. Hemoglobin H disease 

d. Hereditary persistence of fetal hemoglobin 


voll 


re -mogloo” 


fs 
Bart’s and shows the following clinical express! 


infants die in utero or soon after birth, sever’ “a 
marked hepatomegaly and splenomegaly. and ast 
a. Homozygous «° thalassemia ( ) 

b. Homozygous B° thalassemia (8°/6") 

¢, « Thalassemia minor (aa/~ &) 

d. Hemoglobin H disease (-a/~ ~) 


Dd 


JEW QU ESTIONS—cont'd 


ich characteristics? 

ce of Hb A, 

ion of the 8- and B-globin genes 
of a-globin genes 


haracteristically seen in the thalassemias? 
. my ; 
Microcytic, hypochromic 
Normocytic, normochromic 
ic, spherocytic 
ic, normochromic 


thalassemia major? 


gous f thalassemia? 
bin A level of 65% to 85% 
bin A, level of 3.5% to 7% 
obin A, level less than 3.5% 
in F level less than 2% 


he following laboratory techniques 

j densitometric scanning of gels after 
in most high-resource laboratories 
moglobin A,? 

licrocolumn chromatography 

rmance liquid chromatography 
linked immune assay 


persistence of fetal hemoglobin (HPFH) 
a pancellular distribution of hemoglobin F 
following peripheral blood findings is 


je following is a common peripheral blood 


following hemoglobin values is indica- 
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11, Which of the following sets of laboratory results dif- 
ferentiates heterozygous « or B thalassemia from iron 
deficiency anemia? 

a. Heterozygous thalassemia: decreased RDW, with 
increased MCH and MCV and Hb in the 10 to 
14 g/dL range; iron deficiency: increased RDW, 
MCH, and MCV 

b. Heterozygous thalassemia: normal RDW, with 
decreased MCH and MCV and Hb in the 9 to 
11 g/dL range; iron deficiency: increased RDW, 
with decreased MCV and MCH only in severe 
anemia 

c. Heterozygous thalassemia: increased RDW, with 
decreased MCH and MCV and Hb in the 5 to 
9 g/dL range; iron deficiency: normal RDW, with 
normal MCV and MCH 

d. Heterozygous thalassemia: normal RDW, MCH, 
and MCV; iron deficiency: RDW, MCH, and 
MCY all increased 


12. What is the most common complication of chronic 
blood transfusion used to treat thalassemia, and 
how is it controlled? 

. Hyperviscosity of blood; blood thinners 

. [ron overload; iron chelators 

. Graft versus host disease; HLA matched donor 

. Allergic reaction; antihistamine 


ome) 


a0 


See answers at the back of this book. 
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LEARNING OBJECTIVES 


Atthe end of this chapter the learner should be able to: 


13-1 Evaluate aplastic anemia in relation to changes seen in 

_ the bone marrow. 
13-2 Explain the immunological mechanism that causes 

_ aplastic anemia. 
133 List the common causes of acquired aplastic 
_ anemia, 
ee ) 

13-4 Analyze the congenital bone marrow aplasia that 

__ fesults in aplastic anemia. 

135 Assess the clinical findings in aplastic anemia. 


| 


Tis chapter focuses on rare hematological disorders that 
tic aaa and normochromic in presentation. Aplas- 
Congenj la, pure red cell aplasia, dyskeratosis congenita, and 
from al dyserythropoietic anemia are disorders that result 
The donlenen mechanisms targeting bone marrow depletion. 
in “tion can be due to decreased cellular production, as 

» “Sle anemia and pure red cell aplasia, or due to the for- 
si OF genetically mutated erythrocytes, as in dyskerato- 


IS 

h ire and congenital dyserythropoietic anemia. These 

Miculocyten 1” anemias present with a low number of 
MM Circulation. 


isa Nom f, Paroxysmal nocturnal hemoglobinuria (PNH) 
8cneticaly © normochromic hemolytic anemia due to a 
Y Mutated stem cell, 


13-6 Describe the common laboratory results in 
aplastic anemia. 


13-7 Compare the treatment modalities used in 
aplastic anemia. 


13-8 Contrast pure red blood cell aplasia and CDA with 
aplastic anemia. 


13-9 Examine paroxysmal nocturnal hemoglobinuria (PNH). 
13-10 Evaluate laboratory results associated with PNH. 


13-11 Name the major genetic mutation(s) associated with 
aplastic anemia and PNH. 


Aplastic Anemia 

Aplastic anemia is a rare life-threatening bone marrow fail- 
ure disorder characterized by the reduction or depletion of 
cellular elements in the bone marrow.' Pancytopenia, which 
is reduced production of erythrocytes, leukocytes, and 
platelets, is observed in most cases. The loss of functional 
hematopoietic stem cells (HSCs) can occur following a vari- 
ety of bone marrow insults by drugs, chemicals, irradiation, 
infections, immune dysfunction, and inherited and acquired 
genetic mutations, Although the inciting mechanisms vary, 
all lead to the loss of bone marrow precursor cells or damage 
to the bone marrow itself.’ 
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Pathogenesis 

The basic defect in aplastic anemia is a reduction or cessation 
of blood cell production by the bone marrow, Blood cell pro- 
duction is dependent on the growth, differentiation, and self-re- 
hewal of a common, pluripotential hematopoietic stem cell 
(HSC), The hematopoietic stem and progenitor cell is identified 
by CD34 + surface antigens, The CD34 + population in patients 
with aplastic anemia is significantly lower than those found in 
healthy individuals. Under normal conditions, the hematopoi- 
etic stem and progenitor cells proliferate and differentiate in 
response to cytokines and other growth factors produced in the 
bone marrow microenvironment (see Chapter 1, Hematopoie- 
sis). Patients with aplastic anemia are found to have higher than 
normal levels of growth factors in the bone marrow. Regard- 
less, hypoproliferative bone marrow develops as a result of 
decreased self-renewal or cellular destruction. Alternatively, 
damage to the bone marrow by a variety of influences could 
lead to bone marrow aplasia (Fig. 13—1). Most studies point to 
a decrease in HSCs rather than a defective microenvironment as 
the underlying defect in aplastic anemia. Box 13-1 outlines the 
pathogenic mechanisms in the development of aplastic anemia.! 


Etiology 

Aplastic anemia is a rare diagnosis and typically includes 
pancytopenia, reticulocytopenia, bone marrow hypocellular- 
ity, and reduction of hematopoietic stem and progenitor cells. 
Clinically, it is useful to divide aplastic anemia into acquired 
or congenital (hereditary) types. The vast majority of cases are 
acquired.’ Select cases of acquired aplastic anemia have been 
reported from documentable exposure to chemicals, drugs, irra- 
diation, or infection. However, the majority of cases are idio- 
pathic, Hereditary cases of aplastic anemia are extremely rare, 
with the most common group designated as Fanconi’s anemia’ 


Acquired Idiopathic Aplastic Anemia 

Acquired aplastic anemia, also termed idiopathic, is respon- 
sible for 70% of all newly diagnosed cases.? The anemia is 
idiopathic in nature because no clear-cut primary cause of 
the bone marrow failure can be identified. However, current 
research supports a theory that most instances of aplastic 
anemia are caused by a type of immune dysfunction, specif- 
ically autoimmunity, Imbalances in the numbers of several 
types of T lymphocytes have been found in idiopathic cases.? 
An increased population of oligoclonal cytotoxic T lym- 
phocytes and a lack of regulatory T lymphocytes (T cells) 


X 13-1 Pathogenic Mechanisms in Development 
of Aplastic Anemia 


Immune-Mediated Bone Marrow Damage 
+ Autoimmunity 

* Pregnancy 

+ Infection 


Direct Bone Marrow Toxic Effects 

* Radiation 

* Drugs (i.e, chemotherapy drugs, other drugs) 
+ Benzene 


Congenital Bone Marrow Defects 

* Fanconi’s anemia 

* Dyskeratosis congenita 
EE 


have been observed.’ Recent advances suggest that immune 


mediated suppression and destruction of hematopoietic stem 


cells (HSCs) and hematopoietic stem cell progenitors (HSPC) 
are two explanations for the cause of aplastic anemia.” 


Populations of activated cytotoxic T lymphocytes attack — 


and destroy HSCs in the marrow. As the population of HSCs 
decrease, so do the numbers of erythrocytes, granulocytes, 
and platelets in the peripheral blood.*® In turn, regulatory 
T cells, the cells that regulate the development of other Tel 
populations that should suppress autoreactive T cells, are lack 


ing.°’ The theory that aplastic anemia is an autoimmune dis” 
ease is supported by the fact that most aplastic anemia palit 


respond to immunosuppressive therapy.’ In fact, immunos! 
pressive therapy targeting T cells leads to a response in W& 
thirds of patients with idiopathic aplastic anemia. 


Etiology of Environmental Agents 


Chemical Agents Some of the chemical agents linked " 


aplastic anemia include benzene, trinitrotoluene, 
insecticides, and weed killers. Many of these compoun’> J 
a benzene ring, which is highly associated with develon™ 
of aplastic anemia, Benzene is used in the manufactur 
plastics, drugs, dyes, and explosives. Because mos! benz 

compounds are volatile, they are easily absorbed by !" 


Self-renewal 


FIGURE 13-1 Schematic representation of possible defects 

in hematopoiesis that may give rise to aplastic anemia. It is 
postulated that decreased numbers of bone marrow stem cells 
and/or changes in the bone marrow microenvironment that 
alter cytokine levels, or both, may cause aplasia to develop. Most 
evidence points to decreased stem cells caused by the lack of 
self-replication (1) or direct destruction of stem cells (2), rather 
than changes in the bone marrow microenvironment (3), as 
pathogenetic mechanisms for development of aplastic anemia. 


Bone marrow 
stem cell 


arsenit, ‘ 
have 
i 


halatio® = 


: ; » (hos? 
The development of bone marrow aplasia varies among 7 | 
exposed and is dosage-related, Often, bone marrow pee 
sion is reversible after discontinuation of benzene eX?" 
BONE MARROW 
1 Red plood 0 
cells a@ 
Proliferation and Differentiation white 00% 
cells *, 
3 x Cytokines and piatelels¢ 


growth factors 


4 
} 


gs A wide variety of drugs have been associated with 

lopment of aplastic anemia. The antibiotic chloramphen- 
icol and the anti-inflammatory drug phenylbutazone are prob- 
ably the est documented examples of drugs associated with 
aplastic anemia. The toxicity associated with these drugs is 
usually not related to the total dosage of the drug received. It 
js impossible to identify which patients will react adversely 
toa drug. Luckily, such idiosyncratic reactions to drugs are 
relatively rare. Because of the association with development 
of aplastic anemia, chloramphenicol use has decreased, ! 

A number of other drugs have been associated with devel- 
opment of bone marrow aplasia, but a causal effect is often 
difficult to verify. The incidence and predictability of bone 
marrow suppression vary with the type of drug and the individ- 
yal’s ability to metabolize the drug. (Table 13-1; Fig. 13-2). 
Ofien, drug-induced bone marrow hypoplasia is fully revers- 
ible upon removal of the drug.'”’ 


lonizing Radiation It has long been known that ionizing radi- 
ation has a destructive effect on the cells of the bone marrow. 
High doses of radiation lead to complete loss of hematopoietic 
cells thatis irreversible and lethal. Lesser doses lead to reversible 


anemia, leukopenia, and thrombocytopenia with full recovery of 
counts in 4 to 6 weeks. Hematopoietic cells are most susceptible 


to penetrating forms of radiation, such as those found in gamma 
tays and x-rays. However, chronic ingestion of lower-energy 


TABLE 13-1 Agents Associated With Aplastic Anemia 


* lonizing radiation 
* Benzene and benzene derivatives 
* Chemotherapeutic agents (e.g,, busulfan, vincristine) 


Drugs That Produce Bone Marrow Hypoplasia in an Idiosyncratic Manner 


Relatively Frequent 


Chloramphenicol 


Trimethadione 


Phenylbutazone 


Agents That Regularly Produce Bone Marrow Hypoplasia With Sufficient Doses 


Penicillin, tetracycline 


Methylphenylethylhydantoin 
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FIGURE 13-2 Vacuolization of bone marrow hematopoietic precursor 
cells indicating toxicity in a patient being treated with chloramphenicol. 
(Wright-Giemsa stain, X 1,000 magnification) 


radiation sources may also cause deleterious bone marrow 
effects. Aplastic anemia may occur months to years after radia- 
tion exposure, although development of bone marrow dysplasia 
and acute leukemias is more common.! 


Infection Many infections have suppressive effects on the 
bone marrow. Acute, self-limited infections may suppress bone 
marrow activity for 10 to 14 days with only minor effects on the 


Rare 
Streptomycin 


Amphotericin B 


Sulfonamides 


Methylphenylhydantoin 


Dipheny!hydantoin 
Primidone 
Aspirin 

Tapazole 
Tolbutamide 
Chlorpropamide 
Chlorophenothane 
Parathion 
Colchicine 
Acetazolamide 


Hair dyes 
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peripheral blood counts. Several viral infections, including hep- 
atitis, Epstein-Barr virus, and cytomegalovirus,”"” have been 
associated with the development of aplastic anemia. Of these, 
hepatitis from an uncharacterized hepatitis virus (i.e., non-A, 
non-B, non-C type) has the strongest association with the devel- 
opment aplastic anemia. The mechanism whereby viruses cause 
aplastic anemia is unknown. It has been suggested that the hep- 
atitis non-A, -B, -C virus may induce an autoimmune reaction 
against bone marrow hematopoietic stem cells.!! 


Other Causes States of altered immune functions, such as 
pregnancy,"* systemic lupus erythematosus, or graft versus 
host disease post-bone marrow transplant, have been asso- 
ciated with development of aplastic anemia. Other cases of 
aplastic anemia have been associated with vitamin deficiency 
and copper deficiency in patients suffering from malnutrition.” 


Clinical Findings of Aplastic Anemia 

The development of aplastic anemia is often an insidious pro- 
cess and typically occurs in the young or elderly.”*” There is 
a bimodal age of peak presentation, with the first occurring in 
patients aged 15 to 25 years and the second in patients over 
60 years old. In the United States and Europe, there are about 
2 cases per million, while in East Asia there are 4 to 6 times 
more cases.*’*:In the bone marrow, the gradual decrease in 
hematopoietic stem and progenitor cells results in a corre- 
sponding decrease in erythrocytes, leukocytes, and platelets 
in the peripheral blood. Most patients present with symptoms 
of anemia such as fatigue, dyspnea, or exercise intolerance. 
Physical examination may reveal pallor due to the anemia or 
evidence of thrombocytopenia, such as petechiae, purpura, 
or ecchymoses. Signs of infection such as fever, due to the 
decrease in leukocytes, may also be present. Other physical 
findings are minimal. A detailed history of drug ingestion, 
toxic exposure, or infection is essential, as well as a family 
history of similar hematologic problems.” 


Laboratory Evaluation of Acquired Aplastic Anemia 
Diagnosis of aplastic anemia should include tests to determine 
the degree of bone marrow dysfunction and assays to rule out 
other possible causes of the blood cytopenias. Initial testing 
includes a complete blood count (CBC), reticulocyte count, 
peripheral smear, and bone marrow examination. Tests to eval- 
uate renal and hepatic function, as well as cultures or serolog- 
ical tests looking for infectious agents, are also recommended. 
Laboratory evaluation for aplastic anemia is summarized in 
Table 13-2.”” 

The CBC shows varying degrees of pancytopenia, with 
a hemoglobin concentration of 7.0 g/dL or lower. The red 
blood cells are usually normochromic and normocytic with 
the MCV and MCHC falling within the reference range. The 
corrected reticulocyte count is low, less than 1%, or an abso- 
lute reticulocyte count of less than 25 X 10°/L, indicating a 
lack of bone marrow activity. The white blood cells, partic- 
ularly the myeloid and monocytic cells, are decreased while 
lymphocytes may be normal or decreased in number, The 
platelet count is also decreased. 

Clinical criteria that have been used to define aplastic ane- 
mia include marrow of less than 25% normal cellularity and 


TABLE 13-2 Laboratory Evaluation for Aplastic An 


emia 
Purpose is 


CBC and differential Establish severity of cytopenias 


Exclude malignancy and other cay 
cytopenias 


Peripheral blood 


; ses 
examination of 


Reticulocyte count Establish decreased marrow re 


Generation 
Rule out leukemia, other causes of CYtope 
nias (i.e., myelodysplasia, storage disordey 
metastatic diseases, granulomas, fibrosis) 
establish hypoplasia of bone marrow 


Bone marrow 
examination 


Biochemical testing Liver function, renal function 


Cultures Document possible infection 


Serological testing Document infection 


at least two peripheral blood cytopenias. Those cytopenias 
include: 


1. absolute neutrophil count (ANC) <0.5 < 10°/L 

2. platelets <20 X 10°/L or corrected reticulocyte count 
=1% in the presence of a hypocellular bone marrow 
(absolute count =20 X 10°/L) 


Examination of the blood smear confirms a normochromi, 
normocytic anemia with no apparent abnormal red cell morphol 
ogy. Polychromatic cells, basophilic stippling, or nucleated red 
cells are absent. White cells usually show a relative lymphocyte 
sis of as much as 70% to 90%, reflecting decreased numbers of 
myeloid and monocytic cells. Immature myeloid cells, such s 
myelocytes or metamyelocytes, if present, would point to a diag: 
nosis of disorders other than aplastic anemia. Platelets are usu 
decreased, and it is unusual to find large or abnormal forms. _ 

Because the CBC and peripheral blood smears offér 
clues to the cause of the pancytopenia, a bone marrow aspiraliot 
and core biopsy must be performed to rule out other disorders 
The bone marrow aspiration is often markedly hypocellul 
(Fig. 13-3). Small numbers of lymphocytes, plasma cel’ 
rare hematopoietic precursor cells are seen. The biops) 5 
men is typically very hypocellular with marked reductio™s® 
myeloid, erythroid, and megakaryocytic progenitors ¥!" a 
replacement of hematopoietic tissue.! Compared with * ae 
cellular bone marrow biopsy specimen (Fig. 13-44),4 marke 
hypocellular bone marrow biopsy sample shows on!) ie 
stroma and fat (Fig. 13-48). Scattered lymphocytes and P _ 
cells (Fig. 13-5) or occasional lymphoid aggregates (F'2 
may be seen (Fig. 13-7). Using the results of the CBC." 
cyte count and the severity of the condition is graded 38" 
vere, severe, or very severe”? (see Table 13-3). 


LN 
CRITICAL THINKING QUESTION 


13-1 Why would the reticulocyte count in aplast!¢ 
anemia be low? yp back 
ne 


1 
See answers to all Critical Thinking Questions “! 


of this book. 


Ya. 

¢ f se . © 
® - watt 4 ai: 

cellular bone marrow aspirate containing primarily 


a cells, reflecting bone marrow aplasia. 
tain, 500 magnification) 


ae — 
tonemange fe lormocellular bone marrow. B. Markedly hypocellular 
Wee x PSY specimen from a patient with aplastic anemia. 
~~" *500 magnification) 
ee 


ihderge as the patients 
infecej SSive decreases in blood counts and subsequent 
“seen in ©N or bleeding. Characteristic abnormal CBC val- 


Severe aplastic anemia are listed in Box 13 -2. 
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FIGURE 13-5 Residual lymphocytes, plasma cells, and bone marrow stroma 
with marked decrease in hematopoietic cells ina bone marrow biopsy speci- 
men froma patient with aplastic anemia. (H &E stain, X200 magnification) 


a} S ! tein 


FIGURE 13-6 Lymphoid aggregate seen in a bone marrow biopsy spec- 
imen from a patient with aplastic anemia. (H &E stain, x 100 magnification) 


ea of bone marrow hyperplasia adjacent to a hypo- 
lastic anemia. (H & E stain, *100 magnification) 


FIGURE 13-7 Focal ar 
plastic area in early ap 


Currently, the treatment of choice for AA in patients 
younger than 50 years of age is allogeneic bone marrow trans- 
plantation. This therapy is optimal if bone marrow from an 
HLA-matched sibling is used, although HLA-matched unre- 


lated donors may also be considered.'*'? Long-term survival 
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TABLE 13-3 Classification of Aplastic Anemia by Severity 


Classification Bone Marrow 


Moderate AA 


<30% cellularity plus = 2 cytopenias 


Severe AA <25% cellularity plus at least 2 cytopenias 


Very Severe AA <25% cellularity neutropenia plus one 


other cytopenia 


X 13-2 Characteristic Abnormal CBC Values Seen in 


Severe Aplastic Anemia 


Red Blood Cells 

* Hematocrit = 0.20-0.25 (L/L) or 20%-25% 
+ Hemoglobin concentration = 70 g/L 

+ Absolute reticulocyte count = 25 = 10°/L 
* Corrected reticulocyte count <1% 


White Blood Cells 
* Total leukocyte count = 1.5 X 10°/L 
+ Absolute neutrophil count = 0.5 X 10%/L 


Platelets 
* Platelet count = 20-60 X 10°/L 


rates of 90% in young children and 80% in adolescents! have 
been reported following bone marrow transplantation, usually 
with full functional bone marrow recovery. However, for chil- 
dren with severe aplastic anemia who lack an HLA-identical 
sibling, the standard treatment remains immunosuppressive 
therapy with horse antithymocyte globulin (ATG) and cyclo- 
sporine.'* The success of transplantation decreases in patients 
who are over the age of 40, and for those who have had multi- 
ple blood transfusions, likely due to autoimmunization. There- 
fore, bone marrow transplant should be considered early in the 
course of treatment. Up to 75% survival after 5 years has been 
seen with this therapy, although relapses can occur.’ If a trans- 
fusion is deemed necessary, Rh and Kell phenotype-matched, 
leuko-reduced blood products are recommended.'” 

For all patients who are unable to receive bone marrow trans- 
plantation because of older age or lack of a suitable donor, immu- 
nosuppressive therapy is recommended. ATG contains antibodies 
that deplete activated T cells. If a relapse occurs, patients may 
be treated with cyclosporine alone or a second round of either 
horse or rabbit ATG." If a patient treated with immunosuppres- 
sion needs transfusion, the blood should be irradiated." third 
drug, eltrombopag, 4 thrombopoietin receptor agonist, is now 
being used in conjunction with ATG and cyclosporine." Patients 
receiving eltrombopag showed greater hematologic improve- 
ment that those receiving the standard therapy alone.*" 

The prognosis for patients with aplastic anemia has mark- 
edly improved since options as stem cell transplantation and 
immunotherapy have become available. The outcome is still 
variable and depends primarily on the severity of the anemia at 
the time of presentation, the age of the patient, supportive care 


Neutrophils 
 <1.0X 10%. Aa 

<0.5 X 10/L 

<0.2 X 10%. 


Platelets : 
<50 X 10°/L 
<20 X 10°/L 


<20 X 10°/L 


Reticulocytes 
<1% or <20 x 10%, 


<1% or <20 x 10%, 


<1% oF <20 x 19%), 


such as blood product transfusions, and the treatment Modality 
employed. ? : 


Congenital Aplastic Anemia 

Fanconi’s Anemia 

More than 25% of pediatric patients and 5% to 15% of adults 
age 40 or younger who present with aplastic anemia haye a 
inherited etiology.” The most common form of congenital bong 
marrow aplasia is Fanconi’s anemia." It is a rare, autosom 
recessive disorder in which patients have a variety of associ. 
ated developmental abnormalities, including one or more of 
the following: skeletal defects, cutaneous hyperpigmentation, 
renal abnormalities, microcephaly, intellectual disability, and 
poor growth.'° Usually, patients develop symptomatic pancy- 
topenia between the ages of 5 to 10 years.'* The bone marrow 
may be originally normocellular or hypercellular, but over 
time hypoplasia develops. 

Fanconi’s anemia patients display genetic mutations of 
deletions in multiple genes. At least 22 genes are associated 
with Fanconi’s anemia.'® In the majority of cases, biallli 
mutations involving one or more of the 22 genes that have bet 
determined to participate in DNA repair and genome stability 
termed the FANCA gene complementary group, is rspois* 
ble for the disease.'* Laboratory results are similar to patie 
with aplastic anemia. The chromosomes of Fancon!’s 
mia patients are unstable and susceptible to breakage. whic 
is thought to lead to loss of HSCs in the marrow. Ths om 
explain why these individuals have an increased suscep!!! 
to development of cancer! Diagnostic tests include an analy 
sis of chromosomal breakage and genetic testing Unt" 
patients with FA usually die of infections or hemorth2:* % 
ondary to blood cytopenias or development of malign’ 


Dyskeratosis Congenita vith 
Another, less common inherited condition associated ‘i 
aplastic anemia is Dyskeratosis Congenita. Thes¢ Pi 
present with abnormal skin pigmentation, dystrophi¢ "J 
and oral leukoplakia (white lesions that form in the". 
The majority of patients develop bone marrow ano” 
by middle age, and they have an increased risk 0! on et 
Dyskeratosis Congenita patients have short Gr ins 
A telomere analysis using flow cytometry, uot” 9s 
hybridization, or polymerase chain reaction is done 00 PP 
suspected of having Dyskeratosis Congeni!@ ; 1 in 
defect in Dyskeratosis Congenita involves a mutation i J 
of 11 telomere genes, and the defect affects telome”” NA 
nance and repair affecting the HSC’s ability (© eh ent” 
Laboratory findings include pancytopenia, macrocyt 
cytes, and an increased level of fetal hemoglob'". ee 


, 


+ 
i) 


gel 
he & 


ce Congenita patients will die of complications 


ane marrow failure. 


cell Aplasia 
Jasia is a rare disorder in which the erythroid 
bone marrow are selectively destroyed. In 
¢ anemia, pure red cell aplasia only affects 
line, while WBGCs and platelets remain at 
. This produces a normocytic, normochromic 
‘ reticulocytopenia without leukopenia or 
_ This may be an acquired or congenital 
3). Pure red cell aplasia is characterized by 
normocytic anemia. Reticulocytes are not 
put may be absent in the bone marrow. There 
of hemolysis or hemorrhage. Bone marrow 
; normal cellularity with an absence of erythroid 
{ levels are often markedly increased as the 
s to compensate for the anemia.'* 


e Red Cell Aplasia 
e red cell aplasia can be either a primary (idio- 
ler or secondary to some other disorder, infection, 
imary acquired pure red cell aplasia is considered 
itoimmune disorder.’ The most common type of 
pure red cell aplasia is transient or acute self- 
id is usually precipitated by a virus or drug.'® In 
;, the pure red cell aplasia will resolve when the 
pped or the infection no longer exists. 

esses have been associated with development of 
disappearance of erythroblasts from the bone mar- 
virus B19 infection, the causative agent of erythema 
i; Or fifth disease has been associated with tran- 
al aplasia in children.'° Most patients are relatively 
tic; however, in patients with long-standing hemo- 
PSE(C®. sickle cell disease, hereditary spherocyto- 
08s of red cell production causes a sharp decrease 
_ known as an aplastic crisis. Parvovirus B19 
| 8 ted blood cell precursors, leading to a lack 
eps. son. Some erythroblasts may contain viral 
i Fe 13-8), Except for some immunocompromised 


“uses of Pure Red Cell Aplasia 


Parvovirus B19 


Crisis in 
NOco ets with hemolytic disorders 
ritic sed patients 
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FIGURE 13-8 Erythroid precursors containing parvovirus B19 viral 
inclusions. (Wright-Giemsa stain, X500 magnification) 


patients, most recover erythropoietic capacity, as demonstrated 
by the appearance of reticulocytes, within 7 to 10 days." 

Another frequent cause of acquired secondary pure red cell 
aplasia is an idiosyncratic reaction to a drug. Several drugs 
have been implicated, and these are usually the same drugs 
that give rise to AA, including phenytoin, isoniazid, and aza- 
thioprine. Thymoma is also associated with red cell aplasia, 
especially in adults.'8”° 


Congenital Pure Red Cell Aplasia: 
Diamond-Blackfan Anemia 

Diamond-Blackfan anemia is a rare inherited form of pure 
red cell aplasia characterized by congenital bone abnormali- 
ties and a chronic macrocytic-normocytic anemia.*' It is typi- 
cally a moderate to severe anemia that usually manifests early 
in infancy, usually before age 1. Diamond—Blackfan anemia 
is associated with low reticulocytes and normal numbers of 
white cells and platelets. Bone marrow examination shows a 
normocellular bone marrow with erythroid hypoplasia. This 
anemia is a rare disease with an incidence rate of 1 in 500,000 
live births.22 Diamond-Blackfan anemia is a result ofa genetic 
mutation, the most common mutation involving a ribosomal 
protein on chromosome 11. Of the cases, 60% to 70% have 
4 ribosomal gene mutation present and are inherited as auto- 
somal dominant in 40% to 45% of patients. It is not known 
why only erythroid precursors are affected by the ribosomal 


protein mutations.” 


Congenital Dyserythropoietic Anemias 

Congenital dyserythropoietic anemias (CDAs) are a rare 
group of familial disorders characterized by ineffective eryth- 
ropoiesis. A unique finding in CDAs is the presence of bizarre 
binuclear and multinuclear erythroblasts in the bone marrow 
(Fig. 13-9). Three types of CDA have been well described 
(Table 13-4). All CDAs present clinically with mild to mod- 
erate anemia, erythroid hyperplasia with variable degrees of 


dyserythropoiesis, and indirect hyperbilirubinemia or mild 


CDA type Lis a mild to moderate macrocytic anemia wie 


prominent anisocytosis and poikilocytosis. Bone Marrow 
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FIGURE 13-9 Multinucleated erythroid precursors in type 2 congenital 


dyserythropoietic anemia (HEMPAS). (Wright-Giemsa stain, * 1,000 
magnification) 


erythroblasts show megaloblastic maturation and the presence 
of a small number (1% to 3%) of marrow erythroblasts that 
are binucleated or contain chromatin bridges (thin, fiberlike 
connections between the nuclei) (Fig. 13-10). 

CDA type II is the most frequently seen form of CDA. 
Patients are found to have a mild to severe normocytic ane- 
mia in which 10% to 50% of the erythroblasts are binucleated 
or multinucleated (see Fig. 13—9).4*5?6 CDA type II red cells 
will lyse in the acidified serum test (described later), giving 
rise to the alternative name of HEMPAS (hereditary erythro- 
blast multinuclearity with a positive acid serum test). Because 
cells from patients with paroxysmal nocturnal hemoglobin- 
urina also produce a positive acidified serum test, PNH must 
be ruled out. Unlike PNH, the cells of CDA type II do not lyse 
in a sugar water test, nor do they have the decreased levels of 
membrane CD55 and CD59 on flow cytometry. In addition, 
the i antigen is persistently expressed on all type II CDA cells, 
so they strongly agglutinate with anti-i antibody.” 


Typel 
Autosomal recessive 


Characteristic 
Inheritance pattern 


Red cells Macrocytic 


Mild to severe 


Anemia 


Light microscopy-marrow Intranuclear chromatin 


Electron microscopy 


TABLE 13-4 Types of Congenital Dyserythropoietic Anemias 


Type Ree 


Autosomal recessive 


Normocytic 
Mild to moderate 


Binucleation 


Peripheral cisternae 


FIGURE 13-10 Binucleated erythroid precursor with chromatin bridge 
seen in a patient with type | congenital dyserythropoietic anemia 
(Wright-Giemsa stain X 1,000 magnification) 


CDA type III presents as a mild to moderate macrocytt 
anemia. It differs from type I CDA by having as many 350" 
multinucleated bone marrow erythroid cells, some containing 
as many as 12 nuclei (gigantoblasts).”* 


Paroxysmal Nocturnal Hemoglobin’ * 

Paroxysmal nocturnal hemoglobinuria (PNH) is a 20°" 
normochromic hemolytic anemia, with increased retiul 
cytes in circulation. PNH cells can also be present ' patie 


Type lll 
Familial: autosomal dominant 
Sporadic: variable 


Macrocytic 


Mild to moderate 


Giant erythroblasts 


No specific findings 


Acidified serum lysis Negative Positive Negative 
Genetic localization 15q15.-15.3 20q11.2 ~ Familial:15q22 Sporadic: variable 
ee : 
Postulated biochemical defect Unknown ve 4 Underglycosylation of band 3 Unknown 
. nn ene ttn ianal a 
pre {on 
jated abnormalities Skeletal defects, skin None eee monoc 
Associa hypopigmentation Familial: visual defects 


gammopathy 
Sporadic: association wil 
mental retardation 


h iympro™ 


jc anemia. These cells are particularly sensitive to 
with complement due to a genetically mutated stem cell. 
ysis by of the many mutations and mechanisms involved in 


eos ders, accurate diagnosis is extremely important for 


aie treatment to take place. 
e 


enesis é ; 
mal nocturnal hemoglobinuria (PNH) is a rare, 


~ ad stem cell disorder that results in abnormalities 
the red cell membrane.** This causes the red cells to be 
of sensitive to complement-mediated hemolysis. Because 
this v a stem cell disorder, abnormalities are also present in 
jeukocytes and platelets. PNH is characterized by recurrent 
‘codes of intravascular hemolysis, hemoglobinuria, and 
yenous thrombosis. PNH is also strongly associated with AA 
i 4 later).2728 
PNH arises from a somatic mutation in the HSC that gives 
ise to complete or partial deficiencies of cell surface glyco- 
phosphatidylinositol (GPI) anchor proteins (GPIAPs). The 
mutated gene is phosphatidylinositolglycan A (PIGA), which 
is located on the X chromosome. The deficiency of GPI anchor 
proteins causes variable deficiencies in at least 150 cell sur- 
face proteins (Box 13-4). These surface proteins include two 
membrane glycoproteins that regulate complement fixation 
and activation on the cell surface, CD55 (decay-accelerating 
factor or DAF), and CD59 (membrane inhibitor of reactive 
lysis or MIRL). CD55 regulates the activity of C3 convertase, 
and CD59 prevents pore formation by the membrane attack 
complex (MAC).27 A deficiency of either of these proteins 
leads to increased complement-mediated hemolysis. White 
blood cells and platelets can also demonstrate abnormal cell 
surface GPI anchor protein levels. The amount GPI anchor 
Proteins present May vary, with some cells expressing nor- 
mal levels and other cells expressing lesser amounts. This has 
led to description of three different subtypes of PNH cells 
(Table 13-5). The relative numbers of each PNH cell type 
Correlate with disease severity. A patient may have some or all 
these Subtypes present, and the numbers of each subtype 
May shift Over the course of the discase.2*” 


Pathway Defects 


Sensitivity to Complement Lysis 


Normal to near normal 


Intermediate (10-15 times 
More sensitive) 


Highly sensitive (25 times 
More sensitive) 


Ph 


of, 


= 
Paroxysmal 
lysis ae nal hemoglobinuria; GP! = 
OMologous restriction factor. 


© 13-5 Types of Cells Observed in Paroxysmal Nocturnal Hemoglobinuria 


Observed Complement 


Near normal lytic behavior 


Increased C, binding to 
cell; increased C,/C; 
convertase activity 


Increased binding of C, to 
cell; increased C,/C, con- 
vertase activity; increased 
binding of C,,,, complexes; 
increased C, binding 
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BOX 13-4 Hematopoietic Cell Surface Proteins 


Decreased or Absent in Paroxysmal Nocturnal 
Hemoglobinuria Patients 


Complement Regulatory Proteins 

* Decay accelerating factor (CD55) 

+ Homologous restriction factor 

* Membrane inhibitor of reactive lysis (CD59) 


Proteins Associated With Immune Function 

+ Lymphocyte function antigen-3 (LFA-3, CD58) 
* FC receptor gamma Ill (CD16) 

* Endotoxin binding protein receptor (CD14) 


Other Receptors 
+ Urokinase receptor 
* Folate receptor 


Enzymes 

* Alkaline phosphatase 
« Acetylcholinesterase 
« 57-Ectonucleotidase 


Other Proteins 

- CD24 

* CD48 

¢ CD52 (Campath-1) 
* CD66c 

* CD67 

JMH-bearing protein 


Clinical Findings 

PNH is seen primarily in adults but has also been described in 
children and adolescents.” The disease displays a wide spec- 
trum of symptoms but usually begins with an insidious onset of 
anemia. The degree of anemia found at diagnosis ranges from 
mild to severe. Despite the name, the symptom of hemoglobin- 
uria causing a dark morning urine is often not seen. Hemolysis 


GPI Protein Expression Associated PIGA Mutations 


None or single point 
mutation 


Near normal to mild deficiency; 
partial lack of DAF (CD55) and/ 
or MIRL (CD59) 


Partial lack of DAF (CD55) and 
MIRL (CD59) (DAF deficiency 
most significant) 


Near total lack of DAF (CD55), 
MIRL (CD59), HRF 


Missense (partial) 


Nonsense mutation 
frameshift, deletion or 
insertion causing gene 
inactivation 


glycophosphotidylinositol; PIGA = phosphatidylinositolglycan A; DAF = decay accelerating factor; MIRL = membrane inhibitor 
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is more likely to occur in an irregular fashion, precipitated by 
infection, surgery, and transfusion. Chronic urinary iron loss 
or hemosiderinuria is a constant feature and may lead to an 
iron-deficiency anemia and chronic renal failure’ 

Abnormal platelet function in PNH patients is frequently 
associated with venous thromboses. As many as one-third 
of patients suffer significant thromboses at some time, 
and thrombosis is a major cause of death in these patients. 
Thrombotic events may cause severe abdominal or back pain 
or severe refractory headaches. Development hepatic vein 
thrombosis, mesenteric vein, or cerebral vein thromboses are 
most common. Thrombophlebitis may also occur, leading to 
pulmonary thromboembolism. Arterial thromboses are rare. 


Rare patients may experience bleeding due to poor platelet 
function,?”*8?9 


Laboratory Evaluation 
The CBC in PNH will show anemia, leukopenia, and throm- 
bocytopenia similar to the CBC in AA. The anemia can be 
moderate to severe depending on the number of PNH cells 
and subtype(s) of cells present. Hemoglobin levels vary from 
normal to <6 g/dL with a median of 9.3g/dL.” The periph- 
eral blood smear shows normochromic and normocytic cells 
without significant abnormal morphologies. Occasionally 
slight macrocytosis and polychromasia may occur owing to 
increased reticulocytes. (Fig. 13-11). Unlike AA, reticulocy- 
tosis is present in PNH. During episodes of severe hemolysis, 
an occasional nucleated red blood cell may be seen.** 

Because granulocytes and platelets may also have the same 
membrane defects, they can also be sensitive to complement 
lysis.*° Neutropenia is present, but the cells themselves are 
morphologically normal. The neutrophils have decreased leu- 
kocyte alkaline phosphatase activity.”® Platelet counts vary 
with mild to moderate thrombocytopenia. While thrombocy- 
topenia is often present, the most frequently observed platelet 
dysfunction is abnormal clotting.77°°?! 

The bone marrow often shows erythroid hyperplasia in 
response to chronic intravascular hemolysis (Fig. 13-12). 
Over time, some patients with PNH will develop hypoplastic 


FIGURE 13-11 Peripheral blood smear from a patient with PNH 
msa stain, <600 magnification) demonstrating normochro- 


(Wright-Gie 
ae aio red cells, as well as occasional hypochromic, microcytic, 
and polychromatophilic cells. A nucleated red cell is also seen, 


eae | 


ysmal nocturnal hemoglobinuria demonstrating erythroid hyperplasia, 


FIGURE 13-12 Bone marrow aspirate smear from a patient with paroy. 
(Wright-Giemsa stain, X500 magnification) 


or aplastic marrows. Often adequate numbers of myeloid an 
megakaryocytic precursors are present. 
Testing for PNH includes decreased serum haptoglobin, 
increased plasma hemoglobin, serum indirect bilirubin, lactate 
dehydrogenase, hemoglobinuria, and hemosiderinuria, which — 
indicates intravascular hemolysis.?’ Hemosiderinuria, a result of 
intravascular hemolysis, can be demonstrated by staining the 
patient’s urine with Prussian blue. Hemoglobinuria, when present, 
will be detected by dipstick. This must be coupled with mic 
scopic examination to determine that intact red cells are absent. 
Historically, initial screening for PNH was done with 
sugar water test (sucrose hemolysis test), which was thea 
confirmed with the Ham’s test (acidified serum lysis 
(Fig. 13-13 and Fig. 13-14). These tests have been replace 
by flow cytometry testing due to the increased scnsitt 
ity. Flow cytometry utilizes monoclonal antibodies agailst 
proteins that attach to the GPI anchor proteins A" 
CD55 and anti-CDS59 are frequently used cell marks" i 
| 
. 
s 
’ 
| 
| 


addition, the cells can be tested with fluorescent ae 


‘~ . a 
FIGURE 13-13 Sugar water test. The tube on the lett repre 


p : ee and the tube on the right represents the patien s 
2 sugar water test demonstrating 10% to 80% he 


P) with 


Dit 
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> ADVANCED CONTENT 


The degree of CD55 or CD59 deficiency is often associated 
with the severity of disease. Three types of erythrocytes are 
described based on amount of GPI anchor proteins present. 
Type I cells have normal amounts of CD59, type II cells 
have decreased amounts of CD59, and type III cells lack 
CD59. While flow cytometry on the granulocyte and mono- 
cyte populations is technically more challenging, testing of 
two or more lineages of blood cells is recommended. Flow 
cytometry has the added advantage of being able to detect 
very small PNH clones (1% to 5% deficient cells) and is a 
sensitive method to detect early PNH, as well as emergence 
of PNH clones in AA. Flow cytometry is also useful after a 


test. Positive results occur in patients with PNH. A posi- 
hemolysis occurs in tube 1, containing fresh normal 
‘tube 2, containing acidified normal serum and 

taining acidified patient serum and patient cells. 


decreased or absent binding of fluorescent 
DS55, or anti-CD59 is diagnostic of PNH.*? In 
populations of both normal and abnormal cells 
phenotypic mosaicism (Fig. 13-15). 

f 


recent hemolytic episode when the number of abnormal red 
cells may be decreased.?’*! 


CRITICAL THINKING QUESTION 
13-2 What are the major differences between aplastic anemia 


and PNH in terms of what causes the anemia? 


CD55 CD59 
300 
240 
§ 180 
oO 
oO 
8 120 | M1 
60 
0 
102 10? ~—‘10! 10? (10 thmei Fae a eat OS 
fissa fluorescence B Log fluorescence 
300 
240 
FIGURE 13-15 Flow cytometry 
* diagnosis of PNH. The flow cytometric 
— 180 histograms from a patient with PNH 
9 (A, B) show decreased expression of 
3 ont bre CD55 (A, arrow) and CD59 (8, arrow) 
in addition to populations of red cells 
containing relatively normal levels of 
60 CD55 and CD59. For comparison, a 
normal control showing single red cell 
F populations for both CD55 (C) and 
: CD59 (D). (From Smith LJ. Pa: 
1 ; : 
eS tg i 109 ~—«10 10? 10 104 nocturnal hemoglobinuria. Clin Lab 
Log fluorescence D Log fluorescence Sel, 2004;17:172, with Permission.) 


278 PART2 Anemias 


Treatment 
Allogenic bone marrow transplant is considered curative but 
due to its risks should be limited to select patient populations. 


> ADVANCED CONTENT 


PNH is now treated with eculizumab, a humanized monoclo- 
nal antibody that binds to C5, inhibiting its cleavage to C5a 
and C5b, Blocking this step in the complement cascade pre- 
vents the formation of the membrane attack complex and thus 
prevents cell lysis. Because eculizumab has a similar effect as 
a complement CS deficiency, patients should be immunized 
against Neisseria meningitidis infection before beginning 
treatment. Eculizumab does not cure PNH, but it has been 
shown to be a safe and effective treatment. It reduces the 
need for blood transfusions and decreases the risk of throm- 
bosis. However, 25% to 35% of patients continue to require 
occasional transfusion due to extravascular hemolysis. Eculi- 
zumab must continue to be administered indefinitely.” 


Those who have PNH with aplastic anemia or PNH with 
myelodysplastic disease and low bone marrow cellularity 
and patients on eculizumab who continue to experience 
serious thrombosis while on the drug may be candidates for 
transplant.?77827 


Relationships Among Conditions of Bone 
Marrow Hypoplasia 
Aplastic anemia is a bone marrow failure disorder linked to 


clonal hematopoiesis. Using high-density genotyping with 
single nucleotide polymorphism arrays, patients with aplastic 


SUMMARY CHART 


¢ Aplastic anemia is defined as a failure of bone marrow 
and loss of bone marrow cellularity leading to decreased 
production of erythrocytes, leukocytes, and platelets, 
and development of peripheral blood cytopenias. 

e Clinical criteria defining aplastic anemia include a 
bone marrow cellularity of less than 25% and at least 
two peripheral blood cytopenias. 

e Aplastic anemia usually arises as a result of acquired 
damage, although rare cases are hereditary. In the 
majority of cases, the underlying cause of aplastic 
anemia is immune dysfunction. 

e Of those cases of aplastic anemia in which an 
etiological agent can be identified, drugs, chemicals 
(especially benzene-type compounds), irradiation, and 
some infections have been implicated as causes of 
aplastic anemia. 

e Drug-induced aplastic anemia is usually an idiosyncratic 
(not dose-related) reaction; the most commonly impli- 
cated drugs are chloramphenicol and phenylbutazone. 


a 


anemia are often found to have several abnorma| he 
etic cell clones. Nearly half of aplastic anemia patie 
small clone of cells with the PNH phenotype, muta 
PIGA gene, at the time of diagnosis. While gene 
can develop with age even in normal marrow, the 
survival advantage for these and other mutated he 
cells in a patient with aplastic anemia. It has been hypo 
sized that the PNH phenotype may allow the hematopoied 
precursor to escape cytotoxic T lymphocyte destruction - 
contrast, the PGA deficient clones do not have a Surin 
advantage over normal hematopoietic cells, resulting ; 
the mosaicism characteristically seen in patients with PN 
alone.” 

Aplastic anemia also appears to have a connection With 
myelodysplastic syndrome (MDS), acute myelogenous jey, 
kemia (AML), and T-large granular lymphocytic leukemias 
Regarding aplastic anemia patients treated with immunosup. 
pression, 10% go on to develop MDS and 7% develop AML 
within 10 years.** 

Clonal expansion of T-large granular lymphocytes (T-LGL} 
may be found in both PNH and aplastic anemia patients 
Genetic mutations associated with T-LGL and MDS can te 
detected in aplastic anemia patients. Thus, the underlying 
pathophysiology of aplastic anemia, PNH, and other bone 
marrow failure syndromes appear to be closely related.” 


Mato Oj. 
Nts hay 
tion nth 
MUtation, 
Te May 
Matopoietig 


e lonizing radiation usually causes bone marrow aplasia 
in an immediate dose-dependent manner, although late 
effects may also be seen. 


\s0 


e Infections and altered or autoimmune states may 
cause bone marrow aplasia, probably as a result °! 
immune destruction of the bone marrow hematope 
precursor or stem cell. 


e The congenital form of aplastic anemia, Fanco™ s 
anemia, is characterized by an autosomal pecessiy 
inheritance pattern and progressive dev elopment : 
pancytopenia and bone marrow hypoplasia aS we 
an increased incidence of acute leukemia and 0 
malignancies, 


jetie 


ar and 


: ae : cul 
* Fanconi’s anemia is characterized at a molec! kage 


. a 
cytogenetic level by increased chromosomal br 
and defective DNA repair. 

* Blood findings in aplastic anemia incl. 
chromic, normocytic anemia with low 
reticulocytes (hypoproliferative anem! 


ide norm” 
numbers ° iA 
a), leukop! 


—_ 


eUM T—cont'd 
j ally of myeloid and monocytic cells), and 
mbocytopenia. Lymphocyte counts may be 

al or decreased. 
re red cell aplasia is defined as a selective loss of 
ane marrow red cell precursors and presents clinically 
an isolated hypoproliferative anemia. Causes of 
red cell aplasia include infections (parvovirus 
)), reactions to drugs, and immune abnormalities. 


Congenital dyserythropoietic anemias (CDAs) are 
milial or inherited anemias that are characterized 
ineffective erythropoiesis, bone marrow erythroid 
perplasia, and bizarre erythroid precursors with 
tiple nuclei and intranuclear chromatin bridges. 


xysmal nocturnal hemoglobinuria is an acquired 


abnormality causing decreased levels of GPI- 
jored proteins on the cell’s surface. The lack of 


A20-year-old woman was seen by her physician for fatigue, 
pallor, and easy bruising. Physical examination was unre- 
Markable except for pallor, widespread petechiae, ecchy- 
Mosis, and bleeding gums. The spleen was not enlarged. 
There was no history of recent exposure to drugs, toxins, or 
Tadiation. There was no history of any other illness, and she 

had been in good health until the past 2 weeks. 
ry data revealed a normochromic, normocytic 
éiemia With a hematocrit of 20%, WBC of 20 X 10°/L, and 
Platelets of 20 x 10°/L. The peripheral blood showed 9% neu- 
4 ls, 90% lymphocytes, and 1% monocytes. The corrected 
bi Culoeyte count was 0.5%. A bone marrow aspirate and 
5% a, Were markedly hypocellular, with less than 
. Ularity composed of lymphocytes and plasma cells 
Kary With a rare myeloid or erythroid precursor. No mega- 
the ae were noted. No dysplastic changes were noted in 
in the tc cells seen, and there was no increase 
Ri T of blasts. Further studies failed to identify an 

a Stlology for the patient’s pancytopenia. 

a gj Patient’s family was tested, and she was found to have 


Stem =, A Was HLA compatible, who donated peripheral 


lear ag “2 allogeneic transplantation. Her CBC results 
Coors ae transplantation showed a hematocrit of 42%, 
ify * 10°/L, and platelets of 210 x 10°/L. The WBC 


ti 
% mo es showed 71% neutrophils, 21% lymphocytes, 
Pec} are, and 2% eosinophils. A bone marrow biopsy 
*ell i Beted a bone marrow cellularity of 50%, with all 


ban n 


Present and maturing normally. The patient has 
& episodes of bleeding or infection. 
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some of these proteins leads to increased sensitivity to 
complement lysis of red cells. 


¢ Diagnosis of PNH is made utilizing the flow cytomet- 
ric analysis for decreased CD55 and CD59 activity 


e PHN is now treated with eculizumab, an antibody that 
binds to C5, inhibiting its cleavage to CSa and CSb. 


e There appears to be an interrelationship between 
aplastic anemia, PNH, and other bone marrow failure 
syndromes. Many patients with aplastic anemia show 
hematopoietic clones that have a PNH phenotype, 
suggesting the possibility of a pathophysiologic 
relationship between these disorders. 

e Aplastic anemia in patients younger than 50 years of 
age is usually treated by bone marrow transplantation. 
Patients unsuitable for transplantation therapy may 
be treated with immunosuppressive therapy such as 
antithymocyte globulin and cyclosporine. 


QUESTIONS 

1. Which initial laboratory data aligned with aplastic 
anemia? 

2. What are possible etiologies of this disorder? 

3. What is the clinical approach to therapy? 


ANSWERS 

1. Normocytic, normochromic anemia; low WBC, RBC, 
and PLT counts; low Hgb and Het; and differential 
showing relatively high percentage of lymphocytes. 
Also, her retic count was low, not high, to indicate 
that her bone marrow was attempting to correct the 
anemia. 

. Anumber of causes of aplastic anemia including drugs, 
infections, irradiation, and chemical exposures are 
identified, but most cases are autoimmune in nature and 
are thought to arise secondary to immune destruction 
of bone marrow precursors. A minority of cases may be 
congenital. Since this patient had no history of drugs, 
exposure to radiation, or a recent infection, it mostly 
likely was an autoimmune process that caused her 


tO 


aplastic anemia. 

3. Treatment with immune suppression or bone marrow 
transplant are most likely approaches. Ifa patient is 
under the age of 50 and has a bone marrow donor 
available, a bone marrow transplant offers the best 
chance for cure. In older patients and those for whom 
an HLA-matched donor cannot be found, immunosup- 
pression will be used. 
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A 43-year-old man presented to his physician with com- 
plaints of lower back pain, fatigue, easy bruising, and a 
sudden onset of dark urine on arising in the morning. Lab- 
oratory studies and a bone marrow aspirate were ordered 
by his physician. The CBC revealed an anemia (hemato- 
crit, 28%), leukopenia (white blood cell [WBC] count 
33 X 10°/L), and thrombocytopenia (platelets, 76 X 10°/L). 
The reticulocyte count was 5.1% (3.2% corrected). The 
RBCs showed moderate polychromasia, slight anisocytosis, 
and poikilocytosis, and 1 nucleated RBC per 100 WBCs. 
The chemistry profile was normal except for an increased 
lactate dehydrogenase value and an increased indirect 
bilirubin. The patient’s urine was positive for hemo- 
globin, but no red blood cells were observed on the 
' microscopic exam. The bone marrow analysis revealed a 
hypercellular marrow with relative erythroid hyperpla- 
sia. There were adequate numbers of myeloid and platelet 
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precursors. 


Further studies were performed after initial test results 
were evaluated. Flow cytometry showed a population of red 


cells with decreased expression of CD55 and CD59. 


The patient was immunized against Neisseria meningit- 
idis and then placed on eculizumab two weeks later. The 
patient continued on eculizumab with improvement of his 


red cell count. 


REVIEW QUESTIONS 


1. How is aplastic anemia best defined? 


a. Acondition in which bone marrow production of red 
cells, white blood cells, and platelets has failed 

b. A condition in which severe anemia is seen 

c. Acondition in which platelets are decreased 

d. Acondition in which there is pancytopenia with a 
hypercellular bone marrow 


2. Which is the most common cause of aplastic anemia? 


a. Drug ingestion 

b. Toxin exposure 

c. Immune dysfunction 
d. Jonizing radiation 


3. Which of the following causes the bone marrow 


destruction seen in the autoimmune form of aplastic 
anemia? 

a. Production of anti-HSPC antibodies 

b. Lack of antibody producing plasma cells 

c. An increased population of cytotoxic T lymphocytes 
d. Activation of natural killer lymphocytes 


QUESTIONS 
13 


2. Based on all the findings, what is the most like} 
3h, 


4. 
SI, 


6. 


ANSWERS 
il 


I, 


4. Which of the following characterizes the aplastic a" 


Which of the findings in this patient are iNCOnsisten 
with aplastic anemia? 
Y diagnosis 


What causes the destruction of red blood cells in this 


condition? 

What type of hemolysis is evident in this patient? Why» 
If the granulocytes in this patient were scored for LAP 
activity, what would you expect the result to be? 
How does eculizumab prevent red blood cell destruction? 


The lack of pancytopenia is inconsistent with findings 
in aplastic anemia. 
Paroxysmal nocturnal hemoglobinuria due to the 
hemoglobin in urine, the increase of bilirubin and LDH 
in the blood, and the lack of CD55 and CD59 on the red 
cell membranes. 


. Lack of GPI anchor proteins results in a lack of CD55 


and CD59 on the red cell membranes. This allows 
complement to bind and hemolyze the red cells. 


. Intravascular hemolysis, because hemoglobin was 


present in the urine. 


. LAP would be expected to be decreased. 


. Eculizumab prevents complement activation and 


hemolysis of the red cells. 


emia 


associated with benzene exposure? 

a. It is not related to the amount of exposure. 

b, The anemia is usually reversible. 

c. It always causes fatal, severe anemia. 

d. It is usually caused by ingestion of benzene 
in food. 


Which of the following statements about 4 

chloramphenicol-induced aplastic anemia is il , 

a, The degree of bone marrow aplasia is not direct 
related to the dosage of the drug. 

b, Chloramphenicol usage remains high desP 
relationship to aplastic anemia. 

¢. Aplastic anemia only develops in males 
the drug. 

d. Chloramphenicol is the only drug that has 
linked to aplastic anemia. 


ite its 
who use 


been 


, 


“eEVIEW QUESTIONS—cont'd 
n = — —_—_ 

of the following statements regarding ionizing 
‘on and aplastic anemia is true? 

e to the bone marrow is guaranteed after 


e marrow aplasia may develop months to years 
x (posure. 
rays are safe and have not been linked to 
ic anemia. 
e radiation has been removed, the aplastic 


will go away. 


th ‘most common congenital disorder 
with aplastic anemia? 


enital dyserythropoietic anemia, type 1 
ond—Blackfan anemia 


following statements regarding the 
tures of aplastic anemia is true? 

ms usually develop suddenly 

nts experience anxiety, nervousness, 
igor 

purpura, and ecchymoses may 


of infection are never present 


the following is seen in the peripheral blood 
with aplastic anemia? 

shromic, normocytic anemia 

reticulocyte count 

e lymphocytosis 

d granulocytes 


appearance of the bone marrow in aplastic 


ypercellular 


treatment of choice for severe aplastic 
la in patients who are younger than age 50? 
J le transfusions 
W transplantation 
1¢ definition of pure red cell aplasia? 
of lymphoid precursors with normal erythroid 
Ursors in the bone marrow 
mal, giant normoblasts in the bone marrow 
Of erythroid precursors with normal white 
cell and megakaryocytic precursors 
ro ic red cell precursors with normal white 
~ “nd megakaryocytic precursors 
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13. What features do the congenital dyserythropoietic 

anemias (CDAs) have in common? 

a. Anemia, microcytosis, erythroid hyperplasia, 
and abnormal erythroblasts 

b. Anemia, erythroid hyperplasia with abnormal 
erythroblasts, and indirect hyperbilirubinemia 

c. Anemia, lysis in acidified serum, and indirect 
hyperbilirubinemia 

d, Anemia, macrocytosis, erythroid hyperplasia with 
abnormal erythroblasts, and indirect hyperbilirubinemia 


14. Which statement best describes paroxysmal nocturnal 

hemoglobinuria? 

a. Acquired anemia associated with complement 
mediated hemolysis 

b. Congenital hemolytic anemia associated with the 
inflammatory response 

c. A premalignant condition that almost always 
results in development of acute leukemia 

d. A common disorder that frequently resolves with time 


15. What causes the red cell defect of PNH? 

a. Rare red cell antigens 

b. Lack of GPI-anchored proteins on the erythrocyte 
membrane 

c. Excessive amounts of complement components 
C5 to C9 

d. Glucose-6-phosphate dehydrogenase enzyme 
deficiency 


16. Which of the following is the basis of the flow 

cytometric test for diagnosis of PNH? 

a, PNH will have increased amounts of complement 
detected on the cell surface. 

b. PNH cells are easily lysed and will show decreased 
number when analyzed. 

c. A subset of the patient cells will show decreased 
levels of CD55 and CD59. 

d. All of the patient cells will show decreased levels 
of ABO antigens on the membrane. 


17. How are most patients with paroxysmal nocturnal 
hemoglobinuria treated? 
a, Eculizumab, a drug that inhibits cleavage of C5 to C5b 
b, Monthly transfusion of platelets and granulocytes 
c. Use of immunosuppressive drugs like antithymocyte 
globulin (ATG) 
d, Weekly doses of EPO 


18 


What is the major genetic mutation seen in many 
patients with aplastic anemia? 

a. Lack of GPI-AP 

b. PGA mutation 

c. Beta globulin mutation 

d, PKLR mutation 


See answers at the back of this book, 
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LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


14-1 Define hemolytic anemia and list mechanisms of 
immune hemolysis. 


142 Define alloimmune hemolytic anemia. 


143 Differentiate acute from delayed hemolytic 
transfusion reactions. 


144 Describe the pathophysiology and causes of 
hemolytic disease of the fetus and newborn. 


145 Define autoimmune hemolytic anemia. 


‘molytic anemias are associated with the shortened 
Survival of the erythrocyte and lead to a decrease in the 
meee cell’s ‘Capacity to deliver oxygen to the tissues. 
wile anemias can be divided into two classifications: 
nam “aused by an immune process, and those that are non- 
- une mediated, This chapter describes in detail the mech- 
pie seated hemolysis, including both autoimmune 
olytic une hemolytic anemias. In addition, nonimmune 
ising OS Siena associated with infections and those 
as mechanical, chemical, and physical hemolysis, 
# acquired membrane disorders, are discussed. 


™m : 
The we Hemolytic Anemia 


Sisorders immune hemolytic anemia describes a group of 


bY an imma ce erythrocytes are destroyed prematurely 

Cither an § uhe-mediated process. This condition can occur as 

*aScular Peeicular or an extravascular process. In intra- 

te vascular ss ted blood cells are destroyed within 

®yed oy ystem. In extravascular hemolysis, they are 

side the vascular system in the mononuclear 
stem (primarily in the spleen and liver) 


14-6 Compare and contrast warm autoimmune 
hemolytic anemia with cold agglutinin disease 
and paroxysmal cold hemoglobinuria. 


14-7 List four mechanisms of drug-induced hemolytic 
anemia. 

14-8 Differentiate intracellular causes of hemolytic 
anemia based on laboratory findings and clinical 
presentation. 

14-9 Describe mechanical causes of hemolytic anemia. 


14-10 List different chemical causes for hemolytic anemia. 


Immune Hemolysis 

Immune hemolysis results from antibodies, complement, or 
both attaching to the red blood cell membrane, and its diagno- 
sis is confirmed by a positive direct antiglobulin test (DAT). 


Role of Complement 

Complement is a group of serum proteins that interact with 
each other to bring about, among other events, complement- 
dependent cell lysis. Complement can be activated by three 
different routes: the classical pathway, the alternative (proper- 
din) pathway, or the lectin (MBL) pathway.’ 


b> ADVANCED CONTENT 


Classical Pathway 

Activation of the classical pathway is initiated by immune 
complexes containing immunoglobulin G (IgGl, IgG2, 
and IgG3) or IgM. The first complement component, €}_ 
consists of three subunits—Clq, Clr, and Cls—as wel] éa 
calcium (recognition unit). Clq initiates the complement 
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cascade by interacting with the FC portion of the immu- 
noglobulin (Fig. 14-1). Clq then causes the activation of 
Clr, which then activates Cls. (A bar across the top of a 
_ complement component denotes its active form as shown 
in Figures 14—1 and 14-2.) C4 is the second complement 
protein to be activated. This occurs when Cls cleaves C4 
into its activated components, C4a, which remains in the 
plasma, and C4b, of which a small number of molecules 
_ attach to the cell membrane, with the rest remaining in the 
plasma in the inactive form. C2 attaches to C4b in the pres- 
ence of magnesium and is then cleaved by Cls into a and 
b subunits. C4b2a combines with C4b and forms the enzyme 
_ C3 convertase (C4b2a), and C2b is released into the plasma. 
Amplification of complement activity now occurs with 
_ the action of C3 convertase on C3. C3 convertase (C4b2a) 
_ cleaves C3 into its active components, C3a and C3b, and is 
_ able to cleave hundreds of C3 molecules. C3a is released 
into the plasma and acts as an anaphylatoxin. C3b binds 
to the cell membrane and combines with C4b2a to form 
another enzyme, C5 convertase (C4b2a3b). Some of the 
C3b molecules attach to other sites on the cell, are inacti- 
vated (iC3b), or are cleaved by C3 inactivator to C3c, which 


Cl (Clq, Clr, Cls—recognition unit) 


Clq + IgG or IgM + Cat? 
‘ag’ 


Cs C4a__,C4 inactivator (factor |) 


| / 
Cls —> C4 while *__+C4c, Cad 
| Mg*# 
C2 
C2a C2b 
C4b2a (C3 Convertase) 


: 


3 
C3a spat o3 inactivator (factor |, factor H) 
¢ 
¢ 


C3c, cen os 


C4b2a3b (C5 Convertase, enzyme attack unit) 


C5 
c5a 


C5b + C6 + C7 
C5b67 + C8 
C5b678 + C9 


C5b6769 (membrane attack unit) 


Cell Lysis 


FIGURE 14-1 Classical pathway of complement activation. 


_ rate of cell lysis is greatly accelerated (see Fig: 14-1) 


i 


C3, factor B, factor D, ProperdinP) 
C3Bb (Priming C3 Convertase) 


C3b + factor B + Mgt? 


, factor D> 
factor H 
Bb factor | (Control proteing) 


Ba 4 
/ 


¢ 
C3 +C3bBb (C3 Convertase) 


C3b inactivator Cia 


‘ 
s 


C3c, C3d<-- 3 C3b + C3bBb + Properdin 
C4b2a3b (C5 Convertase) 
C5 
cba 
C5b + C6 + C7 


C5b67 + C8 


C5b678 + C9 


<_ 


C5b6789 


<_ 


Cell Lysis 


FIGURE 14-2 Alternate pathway of complement activation. 


is released into the plasma, and to C3d, an inactive subutl 


that remains attached to the cell. The components C4, 


and C3 are referred to as the enzyme activation unit 
C5 convertase (C4b2a3b) cleaves C5 into the componetis 


Ca, which is released into the plasma and acts as an a 


phylatoxin and a chemotactic agent, and C5b, which bins 


C6 and C7 to the cell membrane. Membrane-bound oe 
_ causes binding of C8, resulting in immediate ion flux into 


cell and the beginning of cell lysis. The C5b678 complex i 


attack unit, C5b6789, which causes cell lysis and acre t 
movement of ions into the cell. With the binding of 


; Nee onibrane 
bind several C9 molecules, together forming the membr 


; ito 
Complement activity is regulated by certain inh 


(Cls inhibitor, C3b inactivator, C4 i nactivator) me 
instability of certain components (C4b2a, and C40-* 


of 
Alternative (Properdin) Pathway The alterna 
properdin, pathway of complement activatio also af 
in cell lysis but by a different mechanism and OP ect 
teins. The alternative pathway bypasses the oo git 
components Cl, C2, and C4, and begins with te os 
neous hydrolytic cleavage of C3. This pathway ©, 
a distinct group of proteins: complemen! come’ cos 
factor B, which is enzymatically cleaved into pee 05 


(biologically active) and Ba; factor D, which clea” | 


, 


serum protein that stabilizes the C3bBb 
actor H (C3b inactivator accelerator), which 


ive pathway may be triggered by the interac- 
ith certain microorganisms, polysaccharides, 
ides, aggregates of IgA, and cells or particles 
sence of specific antibody. Presentin the plasma 
nts of a “priming” C3 convertase (C3bBb). 
convertase is produced continuously, owing 
teraction of intact C3, factor B, factor D, 
event not requiring activating substances. 
he formation of small amounts of C3b. C3b 
Surface and, under appropriate conditions 
ence of magnesium, causes the attachment of 
d factor B is cleaved by factor D, releasing 
t and uncovering the C3 cleaving site on the 
The C3bBb complex can rapidly lose activity 
ess properdin is present. Properdin binds 
rt of the complex and stabilizes it. The C3bBbP 
nvertase) then cleaves more C3, resulting in 
ments. A complex of C3bBb3bP (C5 con- 
id cleaves C5 into its fragments, C5a and 
with C6, C7, C8, and C9, form the mem- 
the same way as in the classical pathway, 
cell lysis (see Fig. 14-2). 
isms also exist in the alternate pathway, 
the classical pathway. Spontaneous disso- 
may occur, or factor H with factor I pro- 
with factor B, as may Bb for the C3b 
locking the formation of C3 convertase 
-I degrades C3b and C4b, aided by cofac- 
cofactor activity, binds to C3b, and has 
activity of the C3 and CS convertases.’ 


way The lectin pathway can be trig- 
Mannose-binding lectin (MBL) attaches to 
microbial cell walls. Once this occurs, the 
cade of reactions is the same as the classical 
thway. 


of Immune Hemolysis 

nolysis Intravascular hemolysis, as the name 
in the vascular system and results from 
€ classical complement pathway via IgM or IgG 
napter 23 for an explanation of immunoglob- 
ar hemolysis occurs when antibodies bind to 
nts on red cells and activate complement to 
is). This occurs only when the activation 
£nough to overwhelm the natural regulatory 
ivates complement. IgM is a very efficient 
nplement because of its pentameric structure. A 
ue of IgM is capable of initiating complement acti- 
sical pathway.’ The ability of IgG antibodies 

ent is dependent on the following factors: 


lass; 1gG3 is the most efficient at activating 
Mb followed by IgG1, then IgG2. 1gG4 is not 
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capable of complement activation.’ The biological proper- 
ties of the IgG subclasses are summarized in Table 14-1. 

2. The number and location of IgG molecules on the red 
cell surface; at least two IgG molecules must be in close 
enough proximity to allow cross-linking of complement 
receptors, which initiates complement activation.** 

3. The physical location of the red cell antigens influences 
the binding of IgG. 

4. The ability of the immunoglobulin to remain attached to 
the red cell surface (avidity) is important as well. 


Antibody-Dependent Cellular Cytotoxicity 

Another possible mechanism of direct (intravascular) lysis 
of immunoglobulin-coated red cells is antibody-dependent 
cellular cytotoxicity (ADCC). Many white blood cell lines 
(macrophages/monocytes, neutrophils, and natural killer lym- 
phocytes [NK cells]) have receptors on their membranes that 
bind immunoglobulins and complement degradation prod- 
ucts.° The cells with such receptors are collectively referred to 
as effector cells. The effector cell receptors specific for IgG1 
or IgG3 are called FC receptors (FcR) because they bind the 
FC portion of these immunoglobulins (see Chapter 23 for a 
review of immunoglobulin structure). These effector cells also 
have receptors for complement degradation products, C3b and 
iC3b. These complement receptors (CR) are called CR1 and 
CR3, respectively. ADCC results when the immunoprotein 


(IgG3, IgG1, C3b, or iC3b) is bound to its respective FcR or ° 


CR of the effector cell. This interaction causes the effector 
cell to release lytic enzymes that lyse the target cell covered 
in antibody and complement.’ It should be noted that not all 
IgG1 and IgG3 immunoglobulins are capable of mediating 
lysis.* Complement degradation products appear to work syn- 
ergistically with IgG3, IgG1, or both to enhance ADCC.?!2 


Laboratory Findings 

Laboratory findings associated with all hemolytic anemia 
include the presence of anemia (commonly normocytic but 
occasionally macrocytic); reticulocytosis (increased retic- 
ulocyte count), reflecting erythroid hyperplasia of the bone 
marrow; and accumulation of the products of red cell catabo- 
lism. Patients will show increased serum bilirubin (primarily 
indirect or unconjugated but also including direct or conju- 
gated) and elevated lactate dehydrogenase (LD), primarily 
isoenzyme LD-1, In immune hemolytic anemia, the DAT will 
be positive, (See under Extravascular Immune Hemolysis 


TABLE 14-1 Biological Properties of IgG lsotypes 


Characteristic IgG1 

% Total serum IgG 65-70 23-28 47 
“Complement fixation Yes Yes Yes No 
(classic pathway) a th iiintle 

Binding to macrophage Yes No 

FC receptors 


Placental transfer 


Biological half-life (days) 
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below for a discussion of the DAT.) The laboratory findings in 
immune hemolysis, as well as mechanisms and organ involve- 
ment, are summarized in Table 14-2. (For a review of hemo- 
globin catabolism, see Chapter 2, Erythrocyte Senescence.) 

Hemoglobin is released into the blood when red cells are 
destroyed intravascularly. This condition of free hemoglobin 
liberation in the blood is called hemoglobinemia. Free hemo- 
globin is filtered through the kidneys, resulting in hemoglo- 
binuria (free hemoglobin in the urine). Hemoglobinuria may 
be confused with hematuria (intact red cells in the urine), 
especially when the urine is red. It is important to distinguish 
between the two because hemoglobinuria is an indicator of 
hemolysis, whereas hematuria is not related to hemolysis. 
Microscopic examination of the urine may be helpful in iden- 
tifying intact red cells to distinguish hematuria from hemoglo- 
binuria. In chronic intravascular hemolysis, hemosiderin may 
appear in the urine (hemosiderinuria). 

In hemolysis, free hemoglobin in the blood is bound by a 
molecule called haptoglobin, which is consumed in the pro- 
cess. Within hours of intravascular hemolysis, haptoglobin is 
depleted. As little as 5 mL of lysed red cells can bind all of 
the available haptoglobin. However, decreased haptoglobin is 
not specific for intravascular hemolysis since it is also seen 
in extravascular hemolysis. In addition, haptoglobin is rap- 
idly synthesized in the liver and can return to normal levels 
within 24 hours. Because haptoglobin is an acute phase reac- 
tant protein, concentrations may vary considerably, depending 
on several factors, such as underlying disease processes. Con- 
sequently, care must be taken when interpreting haptoglobin 
levels as an indicator of hemolysis. It is advisable to have a 
“baseline” haptoglobin level to compare to the haptoglobin 
level following suspected hemolysis. See Figure 14-3 for the 
sequence of laboratory findings. 


ExtravascularimmuneHemolysis Extravascular hemolysis 
is the phagocytosis of red cells by fixed phagocytes within 
the mononuclear phagocyte system (MPS), formerly called 
the reticuloendothelial system. The two major organs of the 
MPS are the spleen and the liver. In the red pulp region of 
the spleen, macrophages with FC receptors (see ADCC, ear- 
lier) line the splenic cords. Antibody-coated red cells interact 


TABLE 14-2 Mechanisms of Immune Hemolysis 


Intravascular 


Mechanisms 


* IgM orlgG3, IgG1, 1gG2 (two IgG molecules within close 
proximity of each other) activate complement to completion 
+ Antibody-dependent cellular cytotoxicity (ADCC) 


‘ 


INTRAVASCULAR HEMOLYTIC EVENT 


Serum haptoglobin 


Hemoglobinuria 


Level ——> 


~S 


Hemosiderinuria 


0 1 2 3 4 5 6 10 
Time (days) 

FIGURE 14-3 Indicators of acute intravascular hemolysis, Within a few 
hours of an acute hemolytic event, free hemoglobin is cleared from 
plasma and the serum haptoglobin falls to undetectable levels: hemo- 
globinuria ceases soon after. If no further hemolysis occurs, the serum 
haptoglobin level recovers, and methemalbumin disappears within 
several days. The urinary hemosiderin can provide more lasting evidence 
of the hemolytic event. 


with the FC receptors, resulting in complete or partial phago- 
cytosis. In the case of partial phagocytosis, part of the red 
cell membrane is removed. If the red cell membrane is able 
to repair itself, the normal biconcave disk is converted toa 
sphere-shaped red cell called a spherocyte. Spherocytes lack 
deformability and become physically trapped in the spleen, 
those that do escape the spleen can be seen in the peripherll 
blood, and their presence is indicative of immune-mediated 
hemolysis (Fig. 14-4). | 


Activation of Extravascular Hemolysis | 
As previously mentioned, both IgG and IgM antibodies a 
capable of activating complement. However, the activall®® 
process does not always go to completion (C1 through ©?) bn 
most cases, complement activation is stopped by an inhibited 
factor (control mechanism) at the C3b stage. C3b is cle" 

to form iC3b. If activation is stopped, i€3b is further broke 
down into C3d, which then remains attached to the re 
membrane.® 


Ve taesEttrevesculer 


; Gb 
* IgM and/or IgG sensitization with/without! 
(inactivated complemen) 
* Cell-mediated phagocytosis 


Organ Involvement 


Occurs within blood vessels 


Laboratory findings + Hemoglobinemia 
« Hemoglobinuria 
* Serum haptoglobin: marked decrease 
Indirect bilirubin: elevated 
Lactate dehydrogenase (LD): elevated 
Positive direct antiglobulin test 


coated cells 


. ° * 3b- 
Spleen: IgG alone or IgG + IC ated cell 


* Liver: iC3b alone or IgG + iC3b-¢ 


* Spherocytosis 

* Serum haptoglobin: decreased 

* Indirect bilirubin: elevated 

* Lactate dehydrogenase (LD): elevate 
* Positive direct antiglobulin test 


d 


Spleen shifts the ratio of free IgG to red cell-bound IgG 
of the red cell—bound IgG. The activated form of com- 
nt (C3b) or its inactivated form (iC3b) are not present 
free form in plasma; therefore, the hemoconcentration 
bd in the spleen does not contribute significantly to the 
ction of complement-coated red cells.’ However, cells 
with both IgG and C3b/iC3b are phagocytized more 
ntly in the spleen than if they are coated by IgG alone.’ 
ine liver has the largest concentration of macrophages 
Teceptors specific for immune complexes; thus, the 
My is the Major site of removal for red cells coated with 

ment or heavily coated with IgG.‘ There is very lit- 
al of red cells coated with small amounts of IgG 
liver, because of the high concentration of free IgG 
there. Cells sensitized with both IgG and iC3b/C3d 
"moved in the liver and spleen. 


When are commonly seen on the peripheral blood smear 
bilirubin Vascular immune hemolysis has occurred. Serum 
li ly indirect) and LD are usually elevated, and 
The Dar May be increased in urine and stool specimens. 
globus ey Positive. The DAT (also called the direct 
*8) detects. fest, and previously called the direct Coombs’ 
“ll Tn the ary and/or complement coating patient red 
nt i AT, patient red cells are washed to remove adher- 
Polyspecific s then Teacted with reagent containing high-titer, 
“Omp| © antibodies against both IgG (all subclasses) and 
"On this ig > len examined for resulting red cell agglutina- 
the polyspecific DAT. If this test is positive, 
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testing is repeated with monospecific reagents that recognize 
IgG and complement (C3d or C3b + C3d) separately to deter- 
mine which is involved.!° The factors that influence the pres- 
ence and extent of immune hemolysis are listed in Box 14-1. 


CRITICAL THINKING QUESTION 

14-1 Decreased red blood cell counts and the presence of re- 
ticulocytes can be seen in many different anemic states. 
Why do increased levels of bilirubin and LD, along with 
a positive DAT, contribute specific findings related to 
hemolytic anemia caused by an immune process? 

See answers to all Critical Thinking Questions at the back 

of this book. 


Classification of Immune Hemolytic Anemia 
Numerous classifications of immune hemolytic anemias have 
been proposed; however, three broad categories are usually used: 


1. Alloimmune: The patient produces alloantibodies to 
foreign red cell antigens introduced through transfusions, 
pregnancy, or organ transplantation. 

2. Autoimmune: The control mechanism preventing autore- 
active antibodies is lost and antibodies directed against 
the patient’s own red cells develop. 

3. Drug-induced: The patient produces antibodies directed at 
a particular drug, its metabolites, or red cells coated with 
the drug. These antibodies then destroy red cells. 


Alloimmune Hemolytic Anemia 

Alloimmunization is the process in which the immune sys- 
tem of an individual is stimulated by a foreign antigen and 
produces the corresponding antibody. The antibody produced 


BOX 14-1 Factors Influencing the Presence and Extent 


of Immune Hemolysis 


Antibody 

Immunoglobulin class and subclass 

Concentration 

Avidity 

Thermal reactivity (determined by the nature of the predominant 
noncovalent bonds formed at the time of the antigen-antibody 
reaction) 


Antigen 

Number and density 
Cellular distribution 
Presence of soluble antigen 


Complement 
Concentration of complement factors 
Concentration and activity of regulating factors 


Mononuclear Phagocytic System 

Activity of phagocytic cells (influenced by underlying disease 
processes, generation and activity of lymphokines and interleukins 
and any concurrent drug therapy) 
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by this immune response is termed an alloantibody. The anti- 
body coats the foreign red cells introduced into the circula- 
tion, resulting in shortened red cell survival. Alloantibody 
production can result from: 


1. Transfusion of blood (antibodies are produced against 
foreign donor red cell antigens) 

2. Pregnancy (antibodies are produced against “foreign” 
antigens on fetal cells released into the maternal 
circulation) 

3. Organ transplantation (antibodies are produced against 
foreign antigens on the transplanted organ or “passenger 
cells” that may be released into the recipient). 


Alloimmune hemolytic anemia is usually associated with 
blood transfusions. An antibody present in the recipient is 
directed against a foreign red cell antigen located on the trans- 
fused cells. This antibody destroys transfused red cells but not 
native red cells. Basically, there are two types of transfusion 
reactions: acute hemolytic and delayed hemolytic. 


Acute Hemolytic Transfusion Reactions Acute hemolytic 
transfusion reactions (acute HTRs) are characterized by acute 
intravascular hemolysis and are associated with the ABO 
blood group antibodies. The immunoglobulins associated 
with the ABO blood group are IgM, IgG, and IgA. In group 
A and B individuals, the majority of antibody is IgM with a 
minor amount of IgG." Group O individuals produce anti-A, 
anti-B, and anti-A,B antibodies. The anti-A,B antibody is 
usually IgG in nature.'! Ordinarily, an individual possesses 
naturally stimulated antibodies directed toward the A and/ 
or B antigens absent from their own red cells. As previously 
stated, IgM antibodies are efficient activators of complement, 
which results in immediate destruction of the transfused cells, 
because these antibodies are naturally stimulated and are 
already present in the serum. 

Symptoms of acute HTRs are variable. Typical symptoms 
can include fever, shaking, chills, and pain or a burning sen- 
sation along the infusion site. Other symptoms include nau- 
sea, vomiting, lower back pain, hypotension, and chest pain. 
Because of the risk of severe transfusion reactions, it is crucial 
for the patient’s pretransfusion vital signs to be recorded, and 
the patient must be continuously monitored throughout the 
transfusion. See Box 14-2 fora list of clinical features. 

The laboratory findings in acute HTRs are those associated 
with intravascular hemolysis (see Table 14-2). The treatment 
of acute HTR focuses on prompt termination of the transfu- 
sion and treatment of any signs or symptoms of shock with 
supportive measures. Stroma from hemolyzed red cells can 
clog and damage renal glomeruli; thus, intravenous fluids are 
administered to maintain renal function. 


Delayed Hemolytic Transfusion Reactions Delayed hemo- 
lytic transfusion reactions (delayed HTR) are associated 
with antibodies to blood groups other than the ABO blood 
group. Antibodies implicated in delayed HTR are usually 
IgG, which may activate complement, causing sensitization 
of the red cells with C3 but seldom leading to intravascu- 
lar hemolysis. Delayed HTRs are the most common type of 


transfusion reactions. They are caused by an anamnestic or 


14-2 Clinical Features of Acute Hemolytic 
Transfusion Reactions 


Fever 

+ Hemoglobinuria 

* Chills 

+ Shock 

+ Chest pain 

+ Generalized bleeding 

+ Hypotension 

+ Oliguria 

+ Nausea 

* Anuria 

+ Flushing 

+ Back pain 

+ Dyspnea 

* Pain at infusion site 
aS 


secondary immune response to the transfused red cells. This 
occurs in previously immunized patients whose alloantibody 
level (after the initial stimulation) has dropped to serolog- 
ically undetectable levels. As a result, the initial antibody 
screening and compatibility tests on the patient’s pretrans 
fusion sample are negative. When the patient is reexposed 
to the foreign red cell antigen (transfused), an anamnestic 
response is mounted by the recipient. The titer rises and the 
antibody may be detected in the posttransfusion sample 3 
early as 48 hours after the transfusion. This type of reaction | 
is termed delayed because it takes time for the patient | 
produce sufficient antibody to destroy the transfused cells | 
Characteristically the reaction may occur anywhere from 210 | 
10 days after transfusion.” | 

The symptoms of delayed HTRs are usually mild and 0° 
specific; therefore, delayed HTRs may not be recognized ® 
clinicians.’ Symptoms include mild fever, mild jaundice 
and an unexpected fall in hemoglobin (or conversely, lack 
expected rise in hemoglobin after transfusion). Labora 
findings are those associated with extravascular hemolys> 
but most cases are subclinical and discovered only sero 
cally (through direct antiglobulin test, antibody screenings 
compatibility tests).'° <a 

Treatment is rarely necessary, and investigation !°° 
on accurately identifying the antibody to ensure oe 
future transfusions will be negative for the foreige® ow 
that corresponds to the patient’s antibody. Som gt 
specificities, such as anti-D, are capable of causing 1 
acute and delayed hemolytic transfusion reaction Pi 
antibodies most commonly implicated in delayed ay | 
listed in Table 14~3, and the laboratory findings af ° 
rized in Table 14—4. 


_ a 
a ent 
CRITICAL THINKING QUESTION ig” 
ul 
14-2 Why do antibodies from ABO blood grouPs) : 


; ; hel 
acute hemolytic transfusion reactions: "no? 


antibodies from other blood groups of*" : 


» 


Antibodies Most Commonly Implicated 
layed Hemolytic Transfusion Reactions (DHTRs) 


Blood Group System 
Kidd 


£ 14-4 Laboratory Findings: Differential 
nosis of Hemolytic Anemia 


Extravascular Intravascular 


Decreased 


Serialhemoglobin and hematocrit Decreased 


Increased Increased 


scp herocytes 
Serum bilirubin (indirect) Raincies: 
Serum haptoglobin‘ 
Serum LD (isoenzyme LD 1)* 
Hemoglobinemia 


Increased Increased 


Decreased* Decreased 


Increased 


Absent 


Absent 


Increased 


Present 


Present 


‘hey Pot show increase immediately 
More Thay compare with a prehemolysis “baseline” value. 
tobe Markedly decreased with intravascular hemolysis. 


= lactate det 


jlenase, 


dees case of the Fetus and Newborn Hemolytic 
hemotyt; ue fetus and newborn (HDEN) is an immune 
© disorder in which fetal or neonatal red cells are 
by maternal alloantibodies. In HDFN, maternal- 
'8G antibodies > incompatibility is always present, Maternal 
Cells cross ik: directed against “foreign” antigens on fetal red 
Siteulation es Placenta and destroy the red cells in the fetal 
“annot ang nly IgG antibodies can cross the placenta; IgM 
Pregnant NOt cause HDFN. 
14 cel) oe can become immunized to “foreign” fetal 
bation during pe When fetal blood enters the maternal circu- 
Pregnancy or at delivery (fetal-maternal hem- 
, amount Of whole blood exchanged is normally 
sie Is can Sal Some evidence that as little as 0.03 mL of 
Blan become zante an immune response.’ Thus, it is pos- 
Peaunized from miscarriages and abortions. 
,_» an also stimulate an immune response, as 
fr in the discussion of alloimmune hemolytic 
ant Woman has been previously immunized 
Vantigen and that antigen is present on the 
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red cells of the fetus, the exchange of blood that occurs early 
in the pregnancy will be sufficient to stimulate an anamnestic 
response in the mother. The mother can produce increasing 
amounts of antibody directed against the fetal red cells.‘ The 
fetal red cells will become coated with maternal antibodies 
and destroyed by extravascular hemolysis. Responding to 
this increased red cell destruction, fetal hematopoietic tis- 
Sue increases erythrocyte production. The fetal bone marrow 
may not be able to keep up with the increased need for red 
cells. Extramedullary hematopoiesis is expanded, causing 
liver and splenic enlargement. The fetus may not be able to 
compensate for the hemolysis, and an anemia characterized 
by increased numbers of nucleated RBCs (erythroblasts) in 
peripheral blood may result. Hence, the term erythroblastosis 
Jetalis has been used to describe HDFN, There are two major 
forms of HDEN: that associated with ABO and that associated 
with Rh(D) or other blood group antigens. Table 14~5 lists 
the frequencies of the various types of HDFN, and Table 14—6 
provides a comparison of ABO and Rh(D) HDFN. 


Autoimmune Hemolytic Anemia 

Autoimmune hemolytic anemia (AIHA) represents an abnor- 
mality within the immune system whereby the ability for 
self-recognition of an individual’s own red cell antigens is lost. 
Recent experiments support that recognition of self occurs 
during embryogenesis by inactivation of autoreactive B and 
T lymphocytes. Under certain conditions (e.g., bacterial or 
viral infections), these autoreactive B and T lymphocytes 
escape the mechanism for tolerance of self.'* As a result, 
patients produce antibodies that bind to their own red cells 
(autoantibody). AIHA can be broadly divided into warm or 
cold types. The warm type (WAIHA) is the most common, 
accounting for approximately 70% of all cases.’ This type 
involves autoantibodies whose serological reactivity is opti- 
mal at 37°C. Cold AIHA involves autoantibodies whose 
serological reactivity is optimal at 4°C but that also react 
at temperatures between 25°C and 31°C. Two types of cold 
AIHA have been described: Cold agglutinin syndrome (CAS) 
and Paroxysmal cold hemoglobinuria (PCH). 

Some drugs may induce the formation of autoantibodies 
that may be difficult to distinguish from other cases of AIHA. 
Drug-induced immune hemolytic anemia is the third type of 
AIHA, representing approximately 12% of cases in various 
studies.’ The frequency of the various types of AIHA is listed 
in Table 14-7, 

Warm Autoimmune Hemolytic Anemia Warm autoimmune 


hemolytic anemia (WAIHA) is one of the most common 
causes of hemolytic anemia in adults, with a slightly higher 


TABLE 14-5 Frequency of Types of Hemolytic Disease 
of the Fetus and Newborn 


Disease Type 
ABO HDFN 
Rh HDFN 
Other 
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Severity 


TABLE 14-6 Comparison of ABO and Rh Hemolytic Disease of the Fetus and Newborn 


Child affected 
Blood groups 


Mother: O 


Mother: Rh-negative 


Child: A or B 


Child: Rh positive 


Anemia Uncommon, mild 


Severe 


Stillbirths/hydrops fetalis Rare 


Frequent 


Jaundice Mild 


Severe 


Spherocytes on peripheral smear Usually present 


Absent 


Direct antiglobulin test (DAT) result Negative or weakly positive 


Positive 


Maternal antibodies Inconsistent, inconclusive 


Always present 


Antenatal diagnosis Unnecessary 


Necessary 


Treatment (dependent on severity) Phototherapy (common) 


Exchange transfusion (common newborn treatment) 


Exchange transfusion (rare) 


Intrauterine transfusion (common antenatal treatment) 


Types of antibody IgG 


IgG 


Prophylaxis None 


RhiG 


TABLE 14-7 Frequency of Types of Autoimmune 
Hemolytic Anemia 


Cold agglutinin syndrome 


Paroxysmal cold hemoglobinuria 


Drug-induced 


frequency of disease in women than in men.'* The majority 
of individuals who develop WAIHA are older than 40 years 
of age.” 

WAIHA may be idiopathic, with no underlying disease 
process (50% to 70% of cases), or it may be secondary 
to another disease process (30% to 50% of cases),'’ such as 
lymphoid neoplasm, other neoplastic disorder, autoimmune 
or chronic inflammatory disorder, and viral infection. The 
disorders reported to be associated with WAIHA are listed in 
Box 14-3. Development of WAIHA may precede the diag- 
nosis of one of these disorders. In one series of patients with 
idiopathic WAIHA, 18% were diagnosed with a lymphoid 
neoplasm during 2 years of follow-up."* 

Signs and symptoms usually do not appear until significant 
eveloped. Pallor, weakness, dizziness, dyspnea, 
nexplained fever are occasionally presenting 
complaints. Hemolysis is usually extravascular and occurs 
predominantly in the spleen. The degree of anemia can be 
severe (hemoglobin less than 7.0 g/dL) or mild. The onset of 


anemia has d 
jaundice, and u 


Antenatal RhIG 


Disorders Associated With Warm Autoimmune 
Hemolytic Anemia 


+ Lymphoid neoplasms such as chronic lymphocytic leukemia, 
Hodgkin's disease, non-Hodgkin's lymphoma, multiple 
myeloma, and Waldenstrom’s macroglobulinemia 

* Autoimmune disorders such as systemic lupus erythemstes® 
rheumatoid arthritis, scleroderma, and pernicious ane™ 3 

* Other neoplastic disorders, including carcinomas of the ove¥ 

breast, lung, colon, pancreas, thymus, kidney, and utes 

Viral infections, including hepatitis B and hepatitis A 


* Chronic inflammatory disorders including ulcerative © os 


4 var 
ed bys" 


WAIHA is usually gradual and may be precip!'at 


“ac t}0e 
ety of factors, such as infection, especially viral IU" 4 
or after blood transfusion or organ transplantatio®: i 
may predispose patients to thromboembolic diseas© 
Serological Evaluation pall 
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A positive DAT is present with a polyspe<! 
reagent. On further analysis with monospet! é 
reagents, the DAT result is frequently posit! bo pe 
and C3d (67% of cases). The remaining ¢as¢S are por" 
IgG (20%) or C3d (13%) alone ps 
‘The serum of a patient with WAIHA usually den eo 
evidence of free autoantibody at low titer (© wer el 
ity). In 80% of the cases, the immunoglobulin 's iy Ta 
IgG together with IgA, IgM, and/or C34." ComP 
tems act synergistically with immunoglobulins a. : 
cell hemolysis. In fact, the severity of hemolys'* ai 


_ 


ce of complement in addition to IgG. Although not 
valuated a8 @ part of routine diagnostic testing, the presence 
atlgA IgM, or both may be found in addition to IgG if appro- 
On ra antisera are used. WAIHA can present several difficult 
Problems in serological testing, which fall into two categories: 
1. The patient’s red cells are strongly coated with autoanti- 

body, which interferes with phenotyping. 

2 Autoantibody present in the serum may mask an 


underlying alloantibody. 


Autoantibody Specificity 

The autoantibodies produced in WATHA usually react with all 
cells tested. Serological studies have suggested that some auto- 
antibodies are directed at Rh blood group antigens because of 
their lack of reactivity with Rh, , cells (cells which lack all 
Rh blood group antigens).'* However, further analysis of these 
autoantibodies with apparent Rh specificity has demonstrated 
that the reactivity is actually directed at another red cell mem- 
brane protein that is also lacking in Rh, cells.” On rare occa- 
sions, other specificities have also been reported.*!5?5 


DAT-Negative AIHA 
Occasionally (in 1% to 3% of patients), the DAT result is 
Tepeatedly negative in a patient who has clear evidence 
of hemolysis with no other apparent cause.?? These 
patients Tepresent a small group that is referred to as hav- 
ing DAT-negative AIHA.” More sensitive techniques for 
pee of IgG, C3d, or both on red cells have shown 
many of these patients have increased levels of these 
mmiunoproteins on their cells. The routine DAT can detect 
immunoglobulin sensitization of as little as 200 molecules 
of IgG per red cell.» More sensitive techniques are capable 
of detecting as few as 20 IgG molecules.* When interpret- 
ing DAT results, a positive DAT alone is not indicative of 
jae hemolysis, but if hemolysis is present or suspected, 
™ could be the result of immune mechanisms. The DAT 
we Can be positive in up to 8% of hospitalized patients 
MS have NO signs or symptoms of hemolysis.” In most of 
a Patients, the positive result reflects complement sen- 
Fe Probably secondary to the disease process from 
€ patient is suffering, 
Chan mtibodies have also been reported to cause AIHA with 
i x 1¢s of WAIHA or, less commonly, cold agglutinin 
. ~ These would also result in a negative DAT result 
Since Iga q : 
é 0€s not fix complement in vivo.® 
pe Diagnosis 
Norman patients with WAIHA exhibit a moderate to severe 
is anemia with increased reticulocyte count. The 
lysis. ar can display classic signs of extravascular hemo- 
IS; Polychro, ¥ zg 
and sp masia reflecting reticulocytosis (see Fig. 14-4) 
MY be seer ee Occasionally, nucleated red blood cells 
Teticy ~ Nl rare occasions, WAIHA is associated with 
locytopeni : 
KPEHIa assoc; od (decreased reticulocyte count). Reticulocy- 
bone maroyy, with intense hemolysis indicates a lack of 
Tate, Patients Fesponse and is associated with a high mortality 
| Catabolism Show accumulation of the products of red 
incr, 4 


Cell 
and cased Eye irubinemia (especially unconjugated) 


CHAPTER 14 Hemolytic Anemias: Extracorpuscular Defects 291 


Treatment 

Therapy in WAIHA is aimed at treating the underlying disease 
if one is present. Measures to support cardiovascular function 
are important in patients who are severely anemic. Transfu- 
sion is usually avoided, if possible, as this may only accelerate 
the hemolysis instead of ameliorating the anemia. However, 
transfusion should be used in life-threatening situations. 

As all donor blood is invariably incompatible, it is gen- 
eral practice to use donor blood that is least reactive in the 
crossmatch and antigen-negative for any clinically signifi- 
cant alloantibodies present in the patient’s serum.””° Blood is 
transfused slowly, in small volumes (100 mL), and the patient 
observed closely for any adverse reactions.*'! Some hematol- 
ogists advocate the use of phenotypically similar blood irre- 
spective of its degree of incompatibility in the crossmatch. 
The rationale for this approach is that patients with autoim- 
mune antibodies may be more likely to produce alloimmune 
antibodies, which can be masked by the autoantibodies. How- 
ever, one study indicates that the incidence of alloimmuni- 
zation or adverse hemolytic transfusion reactions in patients 
with WAIHA is no greater than the incidence found in other 
multitransfused patient populations.” 

Corticosteroids are usually the first line of treatment. Corti- 
costeroids such as prednisone produce their effect by: 


e Reduction of antibody synthesis** 

e Altered antibody avidity” 

e Depression of macrophage activity,’ which reduces the 
clearance of antibody-coated red cells* 


Splenectomy is usually considered as the next step if 
corticosteroid therapy is ineffective. Splenectomy decreases 
the production of antibody and removes the primary site of 
red cell destruction.* Immunosuppressive drugs, intrave- 
nous immunoglobulin, antilymphocyte globulin, anti-CD20 
(Rituximab),* or plasma exchange may be used in patients 
who do not respond to conventional therapy. The success rate 
of these alternative therapies is variable, and they are used 
only in selected cases.'’2* 


Cold Autoagglutinins 

Normal Cold Autoagglutinins 

Cold reacting autoantibodies (autoagglutinins) are present in 
all normal human sera.”* The specificity of these cold auto- 
antibodies includes anti-I, anti-H, and anti-IH. Practically 
all adults have I and H antigens present on their red cells. 
Generally, most examples of anti-I, anti-H, and anti-IH have 
no clinical significance, and these autoantibodies are often too 
weak to be detected via routine serological testing, ow ing pri- 
marily to their low concentration in the serum and their narrow 
thermal range (4°C to 22°C).** The characteristics of normal 
cold autoantibodies found in healthy adults with those of 
pathological cold autoantibodies are compared in Table 14-8. 
The benign autoagglutinins differ in many ways from the 
pathological cold autoagglutinins that produce cold aggluti- 
nin syndrome (or cold AIHA). The fundamental characteristic 
that differentiates benign autoagglutinins from pathological 
autoagglutinins is the thermal amplitude: pathologic) 
autoagglutinins may react at or above 30°C_* ‘ 


cold 
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TABLE 14-8 Comparison of Characteristics of Normal 
and Pathological Cold Autoantibody 


\ Characteristic el Normal Pathological 
Thermal amplitude  < 22°C Broad; up to 32°C 
Spontaneous None Significant degree 
autoagglutination that disperses on 

warming to 37°C 
Titer < 1:64 at 4°C > 1:1,000 at 4°C 
Albumin None Reactivity enhanced 


enhancement 


Clonality of 
antibody 


Polyclonal Idiopathic = 


monoclonal 


Secondary to 
infection = polyclonal 


Clinical significance None Causes cold AIHA 

Usual antibody Anti-| Anti-| 

specificity 

Direct antiglobulin | Negative or weak 2 to 3+ with poly- 

test (DAT) positive with specific antiglobulin 
polyspecific anti- reagent 


globulin reagent 


Pathological Cold Autoantibodies 
Pathological cold autoantibodies can be divided into three types: 


1. Primary (idiopathic) cold agglutinin disease 

(primary CAD) 
2. Cold agglutinin syndrome (CAS) secondary to infection 
3. Paroxysmal cold hemoglobinuria (PCH) 


Cold Agglutinin Disease (CAD) 

Primary CAD Primary cold agglutinin, also called cold 
hemagglutinin disease or idiopathic cold AIHA, represents 
approximately 16% of the cases of AIHA. Primary CAD 
is a chronic condition and occurs predominantly in older 
individuals, with a peak incidence after 50 years of age.” 
It is found in all racial groups, affecting both men and 
women. Although the disease is often idiopathic, a care- 
ful evaluation of the patient may reveal the presence of a 
lymphoproliferative disorder,'* other malignancy, or infec- 
tion, Because of this association, it is prudent to investi- 
gate patients for possible malignancy when they present 
with a pathological cold autoantibody and no other obvious 
cause, such as infection. This is illustrated by one series of 
78 patients with persistent cold agglutinin disease. On 
investigation, 28 of these patients were found to have no 
underlying malignancy, 6 had chronic lymphocytic leuke- 
mia, 31 had non-Hodgkin’s lymphoma, and 13 had Walden- 
strom’s macroglobulinemia.”” 

CAD is a hemolytic anemia produced by an autoantibody 
that reacts optimally at 4°C but has a wide thermal ampli- 
tude, reacting at temperatures greater than 30°C as well.?53658 
The antibody is usually an 1gM immunoglobulin, which quite 


efficiently activates complement.* Antibody specificis 
this disorder is almost always anti-I,’° less commonly a 
and rarely anti-Pr.*° nth, 

CAD is rarely severe and is usually seasonal, as th 
winter months often precipitate the signs and symptoms 
a chronic hemolytic anemia. Acrocyanosis, also calleq Ra 
naud’s phenomenon” (symptoms of cold intolerance, such a 
pain and a bluish tinge in the fingertips and toes, owing tp 
vasospasm), is frequently the patient’s main complaint, along 
with a sense of numbness in the extremities when exposeq to 
the cold. These symptoms occur because the cold autoanyj. 
body agglutinates the individual’s red cells in the capillaries 
of the skin, causing local blood stasis. During cold Weather, 
the temperature of an individual’s skin and exposed extrem. 
ities can fall to as low as 28°C, activating the cold autoanti. 
body. This activated cold antibody agglutinates red cells and 
fixes complement as the erythrocytes flow through the cap. 
illaries of the skin. When the erythrocytes return to the body 
core (where the temperature is 37°C), the cold agglutinin 
elutes off the red cells, leaving activated complement behind. 
Hemolysis occurs from the completion of the complement 
cascade or by removal of red cells sensitized with C3b/iC3b 
by macrophages in the liver (see the earlier section on Intr- 
vascular Hemolysis for a review). If any red cells coated with 
C3b/iC3b escape destruction in the liver, their complement 
proteins are further degraded to C3d, for which there are no 
receptors on macrophages.’ The patients DAT result will be 
positive with monospecific anti-C3d antiglobulin reagents. 

This hemolytic episode is not associated with fever, chills, 
or acute renal insufficiency, as would be characteristic of 
patients with paroxysmal cold hemoglobinuria (see later dis- 
cussion). Hemoglobinemia and, less frequently, hemoglobit- 
uria may be detected after exposure to the cold. Patients also 
display weakness, pallor, and weight loss, which are charac: 
teristic symptoms of chronic anemia. CAD usually re™® 
quite stable, and when it does progress, it intensifies grad: 
ally. Other clinical features of CAD may include jaundice ® 
splenomegaly. 


© Cold 


Laboratory Findings Most patients with CAD prese™ i 


reticulocytosis and a positive DAT result (polyspec!! ” 
C3d). In some cases, grossly visible agglutination of anticom 
ulated whole blood samples occurs as the blood cools 10 ye 
temperature. As a result of this autoagg|utination, perform 
of blood counts and preparation of blood smears ma) et 
ficult. The patient’s mean corpuscular volume (MCV) the 
an automated cell counter will be erroneously high. 4 
red blood cell count erroneously low due to clumping "id 
blood cells. This causes unrealistic values in other 

parameters, such as hematocrit, mean corpusculet bene 


once? - fb 


(MCHC). The blood sample should be warmed A ws » 
Cn ast 


in the prewarmed blood specimen with an equal ¥° 

warm saline may be necessary to obtain accural 
The tendency for spontaneous autoagg!utn? 

cells from these patients dictates that serum samples 


, 


4{ & 
tion ¥v wk 


pe 


« «ained and separated at 37°C to obtain accurate results 
ihe antibody titer and thermal amplitude studies.’ Simi- 
samples for the determination of DAT results must be 
jnto ethylene diaminetetraacetic acid (EDTA) to 
inhibit any in vitro attachment of complement to the cells after 


for 


collection. : 
 Asimple serum screening procedure can be performed by 


testing the ability of the patient’s serum to agglutinate normal 
saline-suspended red cells at 20°C and 4°C. If this test result 
is positive, further steps must be taken to determine the titer 
and thermal amplitude of the cold autoantibody; if negative, 
the diagnosis of CAD is unlikely.*° 

_ The peripheral blood smear in patients with CAD may 
show agglutination (clumping of red cells) (Fig. 14-5). The 
clinical criteria for diagnosis of CAD are summarized in 
Box 144. 


Cold Agglutinin Syndrome (CAS) Cold agglutinin syndrome 
occurs as a transient disorder secondary to infections. Epi- 
sodes of cold autoimmune hemolytic anemia often occur after 
upper respiratory infections. Approximately 50% of patients 
suffering from pneumonia caused by Mycoplasma pneumo- 
niae have elevated titers (greater than 1:64) of cold autoagglu- 
tinins*°* Secondary CAS develops in the second or third 
week of the patient’s illness, and a rapid onset of hemolysis 
with symptoms of pallor and jaundice is usually found. Res- 
olution of the episode usually occurs in 2 to 3 weeks, as the 
hemolysis is self-limited.>° The offending cold autoantibody 
isan IgM immunoglobulin with characteristic anti-I specific- 
ily. Very high titers of the cold autoagglutinin are seen almost 
exclusively in patients with mycoplasma pneumonia. The cold 
agglutinin produced in this infection is due to an immunologi- 
cal response to the mycoplasma antigens, and these antibodies 
Cross-react with the red cell I antigen.** 

_ The antibodies produced in both primary CAD and CAS 
Secondary to mycoplasma pneumonia have anti-I specificity. 
The autoantibody in primary CAD is invariably monoclonal 
(IgM with Kappa [k] light chains only), whereas the autoan- 
tibody produced Secondary to infection in CAS is polyclonal 
(IgM with both « and lambda [A] light chain types).** The 


= , 
FiGuRe | #5 Cong 
“*e99Iutinatinn hemagglutinin disease (peripheral blood). Note the 


Of red cells, 
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BOX 14-4 Clinical Criteria for the Diagnosis of Cold 


Agglutinin Disease 


Clinical signs of an acquired hemolytic anemia, sometimes 
with a history of acrocyanosis and hemoglobinuria upon 
exposure to cold 

A positive DAT result using polyspecific antisera 

A positive DAT result using monospecific C3 antisera 
Anegative DAT result using monospecific IgG antisera 

The presence of reactivity in the patient’s serum owing toa 
cold autoantibody 

A cold agglutinin titer of 1:1,000 or greater in saline at 4°C 
with visible autoagglutination of anticoagulated blood at 
room temperature 


monoclonality of the autoantibody in primary CAD suggests 
a possible underlying lymphoproliferative disorder. 


Infectious Mononucleosis Infectious mononucleosis may 
also be associated with a hemolytic anemia resulting from 
a cold autoagglutinin. Many studies have reported an asso- 
ciation of anti-i production in infectious mononucleosis. The 
percentage of patients with infectious mononucleosis who 
develop anti-i varies from 8% to 68%.**? The antibody is 
usually a low-titer IgM cold agglutinin with a narrow thermal 
range. A small number of these patients who develop anti-i 
produce a high-titer, IgM cold agglutinin with a wide thermal 
range,” which causes in vivo hemolysis. Acute illness with 
sore throat and high fever, followed by weakness, anemia, and 
jaundice, are characteristic features of infectious mononucleo- 
sis. For a review of infectious mononucleosis, see Chapter 16. 
The cold autoantibody specificity most commonly found in 
the various infections causing secondary CAD are outlined in 
Table 14~9. 


Treatment Treatment of primary CAD, secondary CAD, and 
the anemia associated with infectious mononucleosis is simi- 
lar. In many cases, the disease is self-limited and requires no 
treatment. Patients with persistent disease may be instructed 
to avoid the cold, keep warm, or move to a milder climate” 
Additionally, patients may even be advised to avoid cold 
exposure when accessing the refrigerator and freezer and 
when consuming cold food and beverages. Corticosteroids 
have been used but have limited success.** Plasma exchange 
has been used in acute cases to provide temporary removal 
of antibodies.*”* Patients with severe disease unresponsive 
to conventional therapy have been successfully treated with 


TABLE 14-9 Secondary Cold Autoimmune 
Hemolytic Anemia 


Type of Infection 


Mycoplasma pneumonia 


Cold Autoantibody Specificity 


Anti-t 


Infectious mononucleosis Anti-i 


Anti, i, or Pr 


Lymphoproliferative disorder 
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anti-CD20 (Rituximab).”° Splenectomy is ineffective because 
extravascular hemolysis resulting from complement sensitiza- 
tion occurs predominantly in the liver. 

Transfusion is rarely required. If blood is needed, the 
blood should be ABO/Rh compatible and lack any antigens 
for which the patient has an alloantibody. Blood should be 
warmed using a blood warmer and transfused slowly, with 
constant monitoring of the patient for adverse reactions.*® 


Paroxysmal Cold Hemoglobinuria 

Paroxysmal cold hemoglobinuria (PCH) is the least common 
type of AIHA, representing only 1% to 7% of patients.”* It 
occurs most commonly in children, associated with viral dis- 
orders such as measles, mumps, chickenpox, infectious mono- 
nucleosis, and the poorly defined “flu syndrome.” Although 
PCH is transient and self-limited, severe hemolysis may occur. 

Originally, PCH was described in association with syphilis, 
in which an autoantibody was formed in response to Trepo- 
nema pallidum organism, the causative agent of the disease. 
However, with the discovery and use of antibiotics, PCH is no 
longer commonly associated with syphilis. 

Red cell destruction in PCH is the result of a cold- 
reacting IgG autoantibody (always polyclonal) termed an 
autohemolysin. This autohemolysin most often binds to the 
Pantigen on the patient’s red cells at lower temperatures. Hemo- 
lysis occurs when the red cells are rewarmed on return to the 
normal body temperature. The autohemolysin fixes comple- 
ment, and the sensitized cells undergo complement-mediated 
intravascular hemolysis.*? The PCH autoagglutinin attaches 
only to red cells at cooler temperatures and then activates com- 
plement in warmer temperatures. Thus, the antibody is called 
a biphasic hemolysin. It is also called the Donath—Landsteiner 
antibody, and its specificity is usually anti-P.*° 

As the name of PCH implies, paroxysmal or intermittent 
episodes of hemoglobinuria occur on exposure to the cold. 
These acute attacks may be characterized by a sudden onset 


ry 


Factor in 
Children or young adults 


TABLE 14-10 Comparison of Paroxysmal Cold Hemoglobinuria and Cold Agglutinin Syndrome 


SS 


of fever, shaking chills, malaise, abdominal cramps, ang 
pains.” All the signs of intravascular hemolysis ae : b 
including hemoglobinemia, hemoglobinuria, anq hype 
binemia (see Fig. 14-3). This results in a severe an, 
progressive anemia. Polychromasia, nucleated req blood ) 
and poikilocytosis are demonstrated in the periphera| te 
smear. The symptoms and signs may resolve jn g fe 00d 
or persist for days. Splenomegaly and renal insufficienc 
also develop. PCH and cold agglutinin syndrome are 
pared and contrasted in Table 14-10. 

The Donath—Landsteiner test is the classic diagnosty 
test for PCH, developed by the two physicians for whom j 
is named. A blood sample drawn from the patient is Split into 
two aliquots maintained at different temperatures. One qj, 
quot, used as the control, is kept at 37°C for 60 minutes, Thy 
other aliquot is cooled at 4°C for 30 minutes and then ingy. 
bated at 37°C for another 30 minutes. Both samples are they 
centrifuged and observed for hemolysis. A positive test resul 
is present when hemolysis is seen in the sample placed at 4°¢ 
and then at 37°C, and no hemolysis in the control sample. The 
Donath—Landsteiner test is summarized in Table 14-11. 


Videng 
til. 
d rapighy 


hour, 
y May 
Com. 


Treatment For acute postinfection forms of PCH, the hemo- 
lysis usually terminates spontaneously after resolution of the 
infectious process. Protection from cold exposure is usually 
the only useful therapy for PCH. However, a 4-year-old boy 
was recently successfully treated for PCH with a single dose 
of eculizumab, an anticomplement antibody."® If anemia s 
severe, transfusions may be required. The same transfusion 
protocol as in CAD applies. Characteristics of warm and cold 
autoimmune hemolytic anemias are reviewed and compared 
in Table 14-12. 


Mixed Autoimmune Hemolytic Anemia In the past 
decades, a number of reports have drawn attention to the occu 
rence of mixed AIHA, in which patients exhibit autoantibodiss 


Ed Hochst Syasrome: 


Patient population 


Pathogenesis Following viral infection 


Elderly or middle-aged 


Idiopathic, lymphoproliferative disorder or following 


Mycoplasma pneumoniae infection 


Clinical features 


Hemoglobinuria: acute attacks upon exposure to 
cold (symptoms resolve in hours or days) 


Acrocyanosis, autoagglutination of blood at 0°” 


temperature 


Acute and rapid 


Severity of hemolysis ; 


Chronic and rarely severe 


Hemolysis Intravascular 


“Autoantibody # 


IgG (usually anti-P specificity, biphasic hemolysin) 


Extravascular or intravascular 


IgM (anti-i/A, monophasic) 


DAT 


3+ (polyspecific)/neg \gG/3-4+ C3 monospecific 


: fic 
3+ (polyspecific)/neg IgG/3-4+ C3 monospec!" 


Thermal range Moderate (< 20°C) 
Titer (4°C) a Moderate (< 1:64) 
ar Positive 


Donath-Landsteiner test 


High (up to 30-31°C) 


High (> 1:1,000) 


Treatment 
illness resolves) 


Supportive (disorder terminates when underlying 


Avoid the cold 


1 Donath-Landsteiner Test 


No hemolysis Hemolysis 


No hemolysis No hemolysis 


Hemolysis Hemolysis 


Inconclusive 


having the characteristics of both warm and cold autoanti- 
bodies.“ Less than 10% of cases of AIHA are considered 
mixed." Patients with mixed-type AIHA usually present with 
a severe, acute condition.*’ They may exhibit signs of extra- 
yascular hemolysis from IgG antibodies and intravascular 
hemolysis from IgM or complement activation. Both warm 
and cold autoantibodies may be present because a number of 
the lymphoproliferative and collagen diseases may be associ- 
ated with either form of autoantibody.**° Approximately half 
of the cases of mixed AIHA are idiopathic and the remainder 
are associated with autoimmune diseases such as systemic 


lupus erythematosis.23*5 


Drug-induced Immune Hemolytic Anemia 

The administration of drugs may lead to the development of a 
wide variety of hematologic abnormalities, including immune 
hemolytic anemia. Drug-induced immune hemolytic anemia 
Fepresents approximately 12% of cases of immune hemo- 
lytic anemia in various studies.” Historically, three mecha- 
pins have been described that lead to the development of 
“induced immune hemolytic anemia, and a fourth mech- 


anism leads to the development of a positive DAT but is not 
ponies with hemolysis. Sufficient new data have emerged 
‘0 pethaps teclassify these mechanisms. Nevertheless, it is 


structive to review the traditional mechanisms. 


Warm Autoimmune Hemolytic 
Anemia (WAIHA) 


> 37°C 


Autoantibog 
Y Opti ivi 
temperature Ptimal reactivity 


IgG (Rarely IgA or IgM) 


May bind complement 


Usually extravascular 


70%-75% of cases 


Frequently Rh 
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Autoimmune Mechanism The autoimmune mechanism is 
the most common drug-induced immune hemolytic anemia, 
accounting for approximately 70% of all cases.** The anti- 
bodies produced by this mechanism are considered “true 
autoantibodies,” because they react against intrinsic red 
blood cell antigens, not the drug or the drug-erythrocyte 
complex. The drugs implicated in this response include the 
antihypertensive drug a-methyldopa (Aldomet) and related 
drugs (L-dopa, procainamide)** (Box 14~5). Drug-induced 
AIHA by this mechanism is difficult to diagnose because it 
mimics WAIHA. It has been suggested the autoantibodies 
produced in response to these drugs are the result of altered 
red cell antigens not recognized as self; however, the exact 
mechanism is still unknown.” A positive DAT develops 
in approximately 12% to 15% of the patients receiving 
a-methyldopa, and 1% to 3% of these patients go on to 
develop AIHA. The antibodies produced by patients suffer- 
ing from this disorder react weakly with all cells tested or 
demonstrate specificities similar to those found in WAIHA. 
Hemolysis is extravascular and the DAT result is strongly 
positive with anti-IgG and negative with anti-C3. Patients 
may continue to have a positive DAT result for up to 2 years 
after discontinuation of the drug. 


Drug Adsorption (hapten) Mechanism The drug adsorption 
(hapten) mechanism is the second most common mechanism 
of drug-induced hemolytic anemia. The drugs implicated in 
this response include the penicillins and the cephalosporins.” 
This mechanism requires two components (Fig. 14-6). First, 
the drug is nonspecifically adsorbed to the patient’s red cells 
and remains firmly attached. Second, once adsorbed, the drug 
must be able to elicit an antibody response. The drug antibody 
is usually IgG and reacts only with drug-treated red cells. 
Large doses of intravenous penicillin (10 million units daily) 
are needed to produce an immune response.” Approximately 
3% of patients on high-dose intravenous penicillin develop 
drug antibodies causing a positive DAT, but only 5% of these 
patients have actual clinical hemolysis.” 

Laboratory findings include signs of extravascular hemo- 
lysis. The disorder develops over a period of 7 to 10 days. The 
DAT results are strongly positive with anti-IgG and negative 
with anti-C3. 


Paroxysmal Cold 
Cold Agglutinin Disease (CAD) Hemoglobinuria (PCH) 
< 4°C (can react at temperatures <4C 
greater than 30°C) 
IgM IgG 


Binds complement Binds complement 
Intravascular 


1%-2% 


Primarily extravascular 
16% of cases 


Mostly anti-l, less commonly anti-i, Usually anti-P 


and rarely anti-Pr 


296 PART2 Anemias 


Partial List of Drugs Associated With Positive 
DAT or Hemolytic Anemia by Mechanism 


Methyldopa-Induced (Autoimmune) Mechanism 
+ Methyldopa 

* Ceftriaxone 

* Chlorpromazine 

+ |buprofen 

+ Levodopa 

+ Mefenamic acid 

+ Nomifensine 

+ Procainamide 

* Thioridazine 


Drug Absorption Mechanism 
* Cephalosporins 

* Diclofenac 

* Penicillins 


Immune Complex Mechanism 
+ Acetaminophen 
+ Antihistamines 
* Cephalosporins 
* Chlorpromazine 
* Diclofenac 

* lsoniazid 

* Quinidine 

* Quinine 

+ Rifampin 

« Streptomycin 

+ Sulfonamides 
+ Stibophen 

* Tetracycline 


Membrane Modification Mechanism (Protein Adsorption) 
* Cephalosporins 


Note: Some drugs may act by more than one mechanism. 
EEUU EEE EEEEEEEEEEEEEeeee 


immune Complex Mechanism The immune complex mech- 
anism is the least common drug mechanism in drug-induced 
hemolytic anemia. The most common drug involved in this 
response is quinidine.* Other drugs associated with the 
immune complex mechanism are listed in Box 14-5. The 
patient responds to these drugs by producing an antibody 
(IgG, IgM, or both) against the drug that binds to the drug, 
forming an antibody-drug immune complex (Fig. 14-7). 
The antibody-drug complex then adsorbs onto the patient’s 
red cells, and complement is activated. The antibody—drug 
immune complex is merely adsorbed onto the red cell mem- 
brane (not bound to it) and easily disassociates, leaving acti- 
vated complement behind. Only a small amount of the drug is 
necessary to produce this response. 4 

Laboratory findings include evidence of intravascular hemo- 
lysis with hemoglobinemia and hemoglobinuria, The DAT 
result is positive with complement components only because the 
immune complex has disassociated. In vitro agglutination reac- 
tions are generally observed during serological testing only when 
the drug is added to the patient's serum and test red cell mixture. 


% 


FIGURE 14-6 Drug adsorption mechanism. (From Petz LD, Garratty ¢, 
editors. Acquired Immune Hemolytic Anemias. New York: Churchill 
Livingstone; 1980, with permission.) 
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FIGURE 14-7 Immune complex mechanism, (From Petz LD, Garratty & 
editors. Acquired Immune Hemolytic Anemias. New York: Churchill 
Livingstone; 1980, with permission.) 


The primary treatment is to stop the drug if the pate! ® 
anemic because of active hemolysis. Corticosteroids M4) also 
be given. Interestingly, some of the drugs producing hemolyss 
by this mechanism are also associated with the developm%* 
drug-induced immune thrombocytopenia (ITP). The aot 
immune complex also adsorbs onto the platelets.” Howl 
it is rare to find a patient with simultaneous hemolys® @ 
thrombocytopenia caused by antibodies to a single due 


Membrane Modification Mechanism (Protein adsorptiow 
As the name implies, the drug modifies the red cell pe 
so that normal plasma proteins are nonspecifically ads0 ; 
onto the patient’s red cells (Fig. 14-8). Cephalospor” : 
also the drugs most commonly implicated in this respo eis 
The red cells become coated with numerous plasm Py By 
such as albumin, fibrinogen, and globulins. Approximna! esl 
of patients receiving the drug develop a positive }’ ; 
owing to the nonspecific immunoglobulin adsorp!” soit 
red cells. Hemolytic anemia has not been reported va 
tion with this mechanism of drug-induced positive BF ind 
The preceding classification used for the 9°" ss 
immune hemolytic anemias provides a conv enien! e - 
tic approach to how drugs may be implicated in mo 
lysis. Recent reports have demonstrated immun¢ | 
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FIGURE 14-8 Membrane modification mechanism. (From Petz LD, 
Garatty G, editors. Acquired Immune Hemolytic Anemias. New York: 
Churchill Livingstone; 1980, with permission.) 


anemia from certain drugs with more than one mechanism. 
More recently it has been suggested that only a single mecha- 
nism may be responsible for all drug-related immune hemoly- 
sis (unifying theory). The four mechanisms of drug-related 
anemia are compared in Table 14—13. The antibody character- 
istics of the various types of autoimmune hemolytic anemias 
are contrasted in Table 14-14. 


Nonimmune Hemolytic Anemia 


Acquired nonimmune hemolytic anemias represent a diverse 
group of conditions associated with the shortened survival of 
ted cells by various mechanisms. Often a number of mech- 
anisms are operative at the same time; for example, malaria 


Immunoglobulin 


13 Mechanism Leading to Development of Drug-Related Antibodies 
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leads to mechanical destruction of red cells, and, in addition, 
immunological factors play a role in shortened red cell sur- 
vival. Classifications may be made along either causative 
or mechanistic lines. A classification incorporating both 
approaches is provided in Table 14-15. 


Intracellular Infections 

Infections with parasites that invade red blood cells can cause 
cell hemolysis and subsequently anemia, Malaria and Babe- 
siosis infections are included in this category. This section 
describes how these intracellular infectious agents can cause 
hemolytic anemia. 


Malaria 

Malaria is the most common protozoal infection in humans. 
It has a high incidence in the tropical and subtropical regions 
of the world, accounting for a fair percentage of the ane- 
mia in those regions. According to the World Health Orga- 
nization (WHO), climate change is predicted to increase 
both the range and intensity of malaria transmission.” The 
mosquito’s habitat is affected by the shift of tropical and 
subtropical regions. It has been estimated that more than 
200 million people suffer from the disease worldwide, 
resulting in the deaths of more than 400,000 annually.*° 
Most fatalities occur in nonimmune children; those who 
survive a childhood infection invariably suffer from an 
ongoing debilitating disease. Globally, malarial incidence 
rate declined between 2010 and 2018, from 71 to 57 cases 
per 1,000 population at risk.*° However, the global fight 
against malaria continues to be hampered by increases in 
both drug and insecticide resistance.*° 


plasma proteins 
(nonimmunologic 
sensitization) 


Methyldopa IgG 
(Aldomet) 


Lie m Prototype Drugs Class DAT Biological Results Frequency of Hemolysis 
Immune complex Quinidine IgM or IgG Positive (often Eluate often Small doses of drug may 
ion (innocent to complement negative cause acute intravascular 
) fragments only; hemolysis with hemoglobin- 
however, IgG may emia and hemoglobinuria; 
be present) renal failure is common 
Drug adsorption Penicillins IgG Positive (strongly) Eluate often 3%—4% of patients on large 
due to IgG negative doses (10 million units) daily 
sensitization of penicillin, which is one of 
the most common causes 
of drug-induced immune 
hemolysis, usually extravas- 
cular in nature 
Cephalosporins Numerous Positive due to a Eluate negative No hemolysis; however, 3% 


variety of serum 
proteins 


Strongly positive 
(due to IgG 
sensitization) 


of patients receiving the 
drug develop a positive DAT 


0.8% develop a hemolytic 
anemia that mimics a WAIHA 
(depends on the dose of 

the drug); 15% of patients 
receiving Aldomet develop a 
positive DAT 


Eluate positive 
(warm autoanti- 
body identical to 
antibody found in 
WAIH) 
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Immunoglobulin 
characteristics 


Complement activation 
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TABLE 14-14 Antibody Characteristics in Autoimmune Hemolytic Anemia 


Warm Reactive Cold Reactive Paroxysmal Cold 
Autoantibody Autoantibody __Hemoglobinuria a(PCH) 
Polyclonal IgG; IgM, and Polyclonal IgM in Polyclonal IgG 
IgA may also be present; infection Monoclonal 
rarely IgA alone « chain IgM in cold 

agglutinin disease a 
Variable Always Always 


Thermal reactivity 


20°C-37°C; optimum 37°C 


4°C-32°C optimum 4°G 
occasionally to 37°C 


4°C-20°C; biphasic 
hemolysin 


Moderate to low (< 1:64) 


Drug-Related 
Autoantibody 


Polyclonal IgG 


Depends on Mechanism 
of drug, antibody, and 
RBC interaction 


20°C-37°C; optimum 37*c 


Titer of free antibody Low (< 1:32) May only be High (> 1:1,000 at 4°C) Depends on mechanism 
detectable using enzyme of drug, antibody, and 
treated cells RBC interaction 

Reactivity of eluate with Usually panreactive Nonreactive Nonreactive Panreactive with 

antibody screening cells Aldomet-type antibody 

Nonreactive in all other 
circumstances 

Most common specificity Anti-Rh precursor -| Usually anti-P Anti-e-like; Aldomet, 
-common Rh -LW -i antidrug 
-En?/Wr -Pr 
-U 


Site of RBC destruction 


Extravascular: predomi- 
nantly spleen with 


Extravascular: pre- 
dominantly liver, rarely 


some liver involvement intravascular 


TABLE 14-15 Classification of Nonimmune Acquired Hemolytic Anemias 


Physical disruption 


Intravascular 


Physical disruption and immune 


Infections 

Intracellular ee, Malaria | hein 
rete * Babesiosis 
"Extracellular a Bartonella te 

¢ ae ; Clostridium PY aes 

ip PAD ___ Bacterial sepsis: meningococcal, pneumococcal Physical disruption secondary to DIC 
“re __ Mi thon 
“Mechanical S 


Macroangiopathic Cardiac prosthesis 


March hemoglobinuria 


Microangiopathic Hemolytic uremic syndrome (HUS) 


Direct action on RBC membrane and MPS sequestration 


Enzymatic action on RBC membrane 
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FEC membrane andatior; lack of membrane deformability 
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deformability 


Retained metabolic products cause membrane changes. 
__ leading to 2 decrease in deformability 
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‘There are four species of malaria that can infect humans: 
(Pismodeet vinax. P faiciparcan, P ovale. and P matariae Plas- 
modem winx and P faicparum arc responsible for most mféc- 

@isease m hemans. In the case of P faicparwn. 
ee eee a cape aed offen fatal course. Plaunodiuen 
male and P. ovate infections ze uncommon. Plavmodium 
‘gmale infections are confined to certam areas of Affica. 

The mumber of patients presenting with malaria is also 
imeressimg i Countries such as the United States. Europe. 
gad Australia because of increased travel to endemic tropical 
and subtropscal regions. It is estimated that more than 30,000 
‘imtemational travelers contract malariz cach year.” 

TES tiedertal parasite has 2 complex life cycle. The 
lmettvecior is the Anopheles mosquito, of which numerous 
‘Species can transmit the parasite Figure 14-9 illustrates the 


Se ome cprondes of fever and chills, 
: with rupture of infected erythrocytes. Nausea. 
Ser 

Of fever and chills are absent, and these 
Symptoms are mistaken|y attributed to a viral infection. 


lowing the malaria to go untreated It is always advisable to 
fase if the Patient has been overseas and which countries 


Visited. 
iS present in 40% io 50% of patients with 


‘cute malaria. It is im Virtually af] patients with chronic 


Present i 
fats accounting for the high incidence of splenomegaly in 


an Hemolysis in malaria occurs intravas- 
85. result of direct red cell destruction by the parasite. 
eal Malarial infection causes immune activation with 
Stravascular MOonocyte/macrophage activity, which promotes 
Cells hemolysis of both infected and noninfected red 
ain aoa 

any with malaria is normocytic normo- 
Leukopenia is present in many cases, as is throm- 


ia (particularly in individuals with P falciparum 


Sequestration of normal cells 


infections). Diagnosis of malaria is made by examination of a 
pempheral blood smear. Blood should be taken just before the 
onset of fever because the parasitemia is greatest at thes time 
However. this is possible only if classic periodic epasades of 
fever and chills are present. It is best to make blood smears 
from a fingerstick. If anticoagulated blood must be used_ 
smears should be made as soon as possible to prevemt changes 
in erythrocyte and parasite morphology.* 

Examination of an unfixed Giemsa- or Wnight-stamed 
blood smear (thick preparation) is performed to ascertain the 
presence of malarial parasites. Stainmg is usually performed 
at a pH of 72 to enhance the blue staimmmg of the parasites” 

cytoplasm Determination of the species of parasite may be 
made on this smear if schizonts are present (by the number of 
merozoites within the schizont). If only trophozoites are pres- 
ent. the examination of a thin blood smear is necessary. Often 
more than one parasite is present in a singie cell (Fig. 14-10). 
Plasmodium falciparum gametocytes have a characteristic 
banana or crescent shape. assisting in the identification. Occa- 
sionally it is possible to see inregular purple inclusions called 
Maurer’s dots in the red cell cytoplasm, which are proba- 
bly breakdown products of hemoglobin. Plasmodiwen vivax 
gametocytes are round, ameboid forms that expand and distort 
the red cell. Bluish purple inclusions called Schilffner’s dots 
are often seen in red cells infected with P vivar and P ovale 
(Fig. 14-11). The features of the different malarial 
infecting humans are summarized in Table 14-16. 

Immunoassays help screen large numbers of patients for 
the presence of infection. Flow cytometry has also been used 
to show the presence of malarial parasites in red cells. 
Babesiosis 
Infection by the organism Babesia represents a zoonotic 
infection, as humans are not natural hosts for the parasite. 
The disease is carried by ticks (/rodes scapularis) and nor- 
mally infects cattle, deer, and rodents.*? The disease is usu- 
ally tickborne in humans but has also been transmitted by 
blood transfusion.’ In the United States, cases are most 
common in New England and the upper Midwest, owing to 
the presence of infected tucks and their hosts in those ateas.*7 
The geography of the uck’s habitat has rapidly increased qyey 
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FIGURE 14-10 Ringed forms of Plasmodium falciparum in red blood 
cells (RBCs). Note the same RBCs may be infected with more than 


one ring. malaria toward the periphery (arrow). 


ne 
s 
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the past 20 years and is thought to be influenced byenviron- —_ condition can progress to rigors, acute | i) 
mental changes as well as urbanization and agricultural prac- with associated hemoglobinemia, hemoglobin 
tices.** Infection tends to be self-limited, although in elderly, and renal failure. 


immune-compromised, or asplenic patients, it can follow an ssl # 
acute and fatal course.” Patients usually present with a his- Laboratory Diagnosis Diagnosis of the ‘gt ae 

tory of malaise, headache, and fever, Sometimes associated via examination of the peripheral blood, * re? 

with vomiting and diarrhea. In splenectomized patients, this en 


very similar to P falciparum are se 
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; Features of Malarial Parasites Infecting Humans 


Not applicable 


50%-60% 


_ Senescent _ 


Yes 


Yes 


Up to 40 yr 


2%-3% 


3-5 yr 


Small, delicate, may have 
two chromatin dots, often 
on edge of RBC 


Large, irregular, poor out- 


line one chromatin dot 


Maurer’s dots 


Schiiffner’s dots 


Large thick, prominent 
chromatin dot 


Large inequity poor 
outline 


Schiffners dots 


Rarely seen in peripheral 
blood 


Large, about same size 
as RBC 


Small “daisy-head” 
6-16 merozoites 


Irregular arrangement 
4-16 merozoites 


8-32 merozoites 


12-25 merozoites 


Crescent or sausage 


Round and expanded RBC 


Round, same size as RBC 


shape 


(Fig. 14-12). Babesiosis can be distinguished from malaria 
by the formation of tetrads of merozoites (Maltese cross), 
absence of pigment granules in infected erythrocytes, and the 
Presence of extracellular merozoites.*° A history of possible 
©xposure to ticks and a lack of recent travel to areas where 
malaria is endemic help in making the correct diagnosis. 
Serological tests for antibodies to Babesia by immunofluo- 
Tescent assay or testing by polymerase chain reaction (PCR) 
have been described 5657 


Extracellular Infections 
infectious agents that do not enter the red blood cell 
# Cause hemolysis. These are described in this section, 
g With differentiating features among laboratory findings 
features, 


el 
O 

C5 

C 
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"TOURE 14-15 Corn 


Parison of babesiosis (/eft) a malaria (right). 


Bartonellosis (Oroya Fever) 

Bartonellosis is restricted to northern areas of South America, 
including Peru, Ecuador, and Columbia. The name “Oroya 
fever” derives from the city of Oroya in the Peruvian Andes, 
where many railroad construction workers were affected by 
the disease in the late 1800s, It is also referred to as Carri- 
on’s disease,” named after the medical student who died as a 
result of a self-experiment designed to determine the nature 
of the infection. 

Bartonellosis has a high fatality rate in nonimmune patients 
and is caused by the organism Bartonella bacilliformis. Infec- 
tion is transmitted by the sand fly (Phlebotomus), and there 
does not appear to be any intermediate host. 

The disease has two clinical phases: The acute hemolytic 
phase, during which the organisms adhere to the red cell 
surface and appear as gram-negative rods, and the recovery 
phase, during which the organisms assume a coccoid appear- 
ance. The hemolytic phase (Oroya fever) may not occur in all 
patients. When it does occur, there is a rapid onset with marked 
intravascular hemolysis. Red cells are also sequestered in the 
spleen and liver. The anemia can be quite severe, and blood 
smears show many nucleated red cells and a reticulocyto- 
sis. Antibiotic therapy, including penicillin, streptomycin, 
and tetracyclines, is effective in treating patients in this stage 
of the infection.” The second stage of the disease (verruca 
peruviana) is nonhematologic and involves the development 
of verrucous nodes (warty tumors) over the patient’s face and 
extremities. 

Clostridium Perfringens (WELCHII) 
The C. perfringens organism isa gram- positive, spore- forming 
bacillus responsible for the development of gas gangrene 


>> 
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Infections with this organism are generally located in deep 
tissues where anaerobic conditions required for the organ- 
ism’s survival exist. The organism is normally present in 
the environment and may infect tissues exposed by trauma 
and surgical procedures. Hospital-acquired infections have 
been associated with gynecological procedures, Caesarean 
section, amniocentesis, cordocentesis, abortions, and molar 
pregnancies.*' The organism is responsible for extensive tis- 
sue damage resulting from the release of enzymes and toxins. 
Septicemia caused by C. perfringens may produce an acute 
intravascular hemolytic process resulting from the release 
of an alpha (q) toxin or lecithinase. This process, combined 
with phospholipases and possibly proteinases also produced 
by the organism, acts on the red cell membrane to cause its 
destruction and subsequent lysis of the cell.* Hemolysis is 
often severe, with marked hemoglobinemia and hemoglo- 
binuria. Acute renal failure may develop quite rapidly, and 
the prognosis is generally poor.** Microspherocytes, hemo- 
lyzed “ghost cells,” and left shift in neutrophils with toxic 
changes are common findings in the peripheral blood smear. 
Thrombocytopenia is present in most cases. Improvements 
in the maintenance of aseptic conditions during and follow- 
ing surgery have caused this form of hemolytic anemia to 
become quite uncommon. 

Other organisms associated with hemolytic anemia are 
listed in Table 14-17. 


CRITICAL THINKING QUESTION 


14-3 The presence of which cellular morphology is a strong 
indicator of extravascular hemolysis? Why? 


Mechanical Etiologies 
The passage of red cells through the vascular system subjects 
the cell to a wide range of environmental conditions. As red 


TABLE 14-17 Organisms Associated With Hemolytic Anemia 
Organism 


Bartonella bacilliformis 


Viruses 


Coxsackie 


cells travel around the body, 


shear forces are hi ies 
and are influenced by: ghly Variable 


. The surface conditions of the blood vessel 

. The size of the vessel lumen 

. The rate at which the cell is moving 

. The number of other cells present at the same time 

. Other environmental conditions the cell is exposed 
to including changes in pH, electrolytes, and protein 
concentration 


Ak WN — 


When these factors cause mechanical rupture of the of 
membrane, intravascular hemolysis results, accompanied 
by the presence of red cell fragments or schistocytes on 
peripheral blood smear (Fig. 14-13). 


FIGURE 14-13 Peripheral blood showing red cell fragmentation wit 
thrombocytopenia. (A) Polychromasia and (B) nucleated RBCs from 
patient with thrombotic thrombocytopenia purpura (TTP). 


Protozoa 


Babesia microti 


Fungi 


Aspergillus 


Clostridium perfringens et 


Cytomegalovirus 


B. divergens 


Vibrio cholera 


Yersinia enterocolitica 


Escherichia coli sisal one Epstein-Barr a. Ria PS te 
Haemophilus influenzae a __ Herpes simplex ee Pmalaice wn 
Mycobacteria tuberculosis ze Influenza A ty ovale — . = 
Mycoplasma pneumoniae _ Rubeola Aa — ~ 
Neisseria meningitidis Varicella Sooner ae ee 
“Salmonella sp. 2 =erepeineetneesiee ea 
; Shigella sp. : ; rs —_—_—___—___— r 
Streptococcus sp. ieee acta = = 


ly, hemolytic anemia associated with prosthetic 
Histor ites was a frequent complication of cardiac correc- 
Lente ls Innovative changes in design and composition 
Taitee have reduced mechanical hemolysis to a rare and 


plood cells, resulting from turbulence of flow through 
Pi prosthesis. The severity of the anemia is highly variable 
in with heart valve prostheses. Mild, compensated 
olysis is common; overt anemia is unusual, and rarely is 

the anemia severe enough to require transfusion.® 
~ The peripheral blood smear shows many fragmented 
cells (schistocytes), helmet cells, and occasional spherocytes 
(Fig. 14-14). The reticulocyte count and serum LD level 
are usually elevated.*° Leukocytes are usually normal, and 
platelets are often reduced because of their interaction 
the abnormal surface.® Decreased haptoglobin, mild 


‘a young German soldier who demonstrated frank 
a following a field marching exercise. The 
) been described in individuals involved in strenu- 
stained physical activity. Similar traumatic red cell 
has been reported in a practitioner of karate and 
drum player. The cause of the anemia is complex, 
g direct physical disruption of red cells as they flow 
trough the capillaries of the feet or hands, iron loss in sweat, 
daptation to a right-shifted oxygen dissociation curve.” 

ts with march hemoglobinuria usually demonstrate 
hemoglobin, although there may be an increase in 
o count. Hemoglobinemia and hemoglobinuria 
©pisodic and present only after exercise. This obvious 


YX 
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"cure 414 -- 
Patient with a RBC fragmentation in microangiopathic hemolysis from a 
Presence of Prosthetic cardiac valve (mechanical hemolysis); note the 


S (arrows). 
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association with exercise is helpful in distinguishing the 
hemoglobinuria from other causes such as paroxysmal noc- 
turnal hemoglobinuria (see Chapter 13). Fragmented red cells 
are not a feature of this condition. 

Treatment involves wearing cushion-soled shoes or run- 
ning on softer surfaces. 


Microangiopathic Hemolytic Anemia 

Microangiopathic hemolytic anemia (MAHA) refers to a 
group of clinical disorders characterized by fragmentation of 
the red cells as they pass through abnormal arterioles, result- 
ing in intravascular hemolysis.”! Most often the abnormalities 
in the microcirculation are caused by the deposition of fibrin 
strands resulting from intravascular activation of the coagula- 
tion system (see the discussion of disseminated intravascular 
coagulation [DIC] in Chapter 28). 

In MAHA, the mechanical process leading to fragmenta- 
tion of the red cells occurs as the blood flow forces the cells to 
negotiate a blood vessel whose lumen is restricted by micro- 
thrombi.” The red cells are physically torn as they are forced 
along the narrow confines of the blood vessel. Schistocytes 
and other poikilocytes are seen on the peripheral blood smear, 
as well as decreased platelets in some cases. The degree of 
hemolysis correlates with the amount of thrombosis present.”! 
In addition to the intravascular destruction of the red cells, the 
fragments produced lack deformability, leading to an increase 
in extravascular hemolysis. 

In addition to DIC, MAHA may be associated with invasive 
carcinoma, malignant hypertension, cavernous hemangiomas, 
complications of pregnancy, kidney or liver transplantation, 
and bone marrow transplantation.” Manifestations of MAHA 
are also prominent in two related clinical entities: hemolytic 
uremic syndrome (HUS) and thrombotic thrombocytopenic 
purpura (TTP) (see Chapter 26). 

MAHA can arise in patients experiencing hemolytic ure- 
mic syndrome (HUS) and pregnancy complications such as 
severe preeclampsia and HELLP syndrome (hemolysis, ele- 
vated liver enzymes, and low platelets; see the discussion of 
HUS and HELLP syndrome in Chapter 26). 


Chemical and Physical Agents 

Exposure to certain chemical and physical agents can affect 
red blood cells negatively by causing hemolysis. Individu- 
als exposed to the agents covered in this section will have 
a resulting anemia. A variety of chemical and physical 
agents are described in this chapter along with their associated 
mechanisms. 


Oxidative Hemolysis 

Oxidative stress on the red cell resulting from either drugs 
or chemicals may affect either the globin chains or the heme 
group of the hemoglobin molecule. Most oxidizing agents 
affect the hemoglobin molecule by denaturing the globin 
chains, producing Heinz bodies, or by oxidizing the heme 
group, producing methemoglobin (see Chapter 2). Both of 
these processes will eventually lead to membrane damage 
and decreased red cell deformability, with eventual extravas- 
cular hemolysis in the spleen.” Glucose-6-phosphate dehy- 
drogenase (G6PD) deficiency increases the Susceptibility of 
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ted cells to oxidant stress (see Chapter 10). However, strong 
oxidants can induce hemolysis even in normal individuals. 
Examples include naphthalene (mothballs), phenol, cresol 
(Lysol or penetrating oil), and aniline.” 


Nonoxidative Hemolysis 

Arsenic Industrial processes involving the action of acids and 
metals may give rise to the production of arsenic gas. Contin- 
ued exposure to the gas gives rise to intravascular hemolysis 
with anemia and hemoglobinuria.” Marked methemalbu- 
min formation causes the serum of affected patients to turn 
a characteristic brown and often masks the presence of any 
hemoglobinemia. Current Occupational Safety and Health 
Administration (OSHA) requirements have minimized this 
hazard in the workplace. 


Lead Anemia is associated with either acute or chronic lead 
poisoning, which includes some component of hemolysis.” 
The red cells of patients exposed to lead have a shortened sur- 
vival.” Lead poisoning is usually a problem of young children 
living in deteriorated housing where they eat chips of lead- 
based paint. Children affected by lead poisoning may show 
a normocytic to microcytic, hypochromic blood picture, with 
classic punctate basophilic stippling (Fig. 14-15). 

Adults are more likely to acquire lead poisoning in an 
occupational setting. These patients commonly present with 
neurological or renal disease with variable anemia. 


Copper Very high levels of copper ions have been associ- 
ated with intravascular hemolysis. These levels may occur as 
a result of suicide attempts in which copper sulfate solution 
is ingested or in Wilson’s disease.”° The cause of hemolysis 
is unknown, although it has been shown that high levels of 
copper ions can affect a number of intracellular enzymes 
(e.g., pyruvate kinase and hexokinase).”” The anemia may be 
associated with the presence of spherocytes. 


Venoms Hemolysis may follow spider bites, bee and wasp 
stings, and some venomous snake bites. In the United States, 
bites of the brown recluse spider are known to cause DIC 
with hemolysis after 24 to 48 hours.” The venomous bites 


FIGURE 14-15 Peripheral blood from a patient with lead poisoning. 
Note the normocytic, hypochromic red cells, with the classic punctate 
basophilic stippling. 


i. 


of pit vipers (rattlesnakes, cottonmouths, water Moceasi 
and copperheads) also cause DIC with hemolysis.» te 
phospholipase-A2 in the venom of certain snakes a fe 
hemolysis directly through the action on red cel] membran a 


Osmotic Effects 

The red blood cell membrane effectively maintains the appro. 
priate osmotic pressure between intracellular and extracel|y. 
lar fluids. Certain situations may disrupt this equilibrium 
and red blood cells are at risk of lysis. Situations that a 
have osmotic effects on red blood cells are described jp this 
section. 


Burns Patients who have suffered severe burns to more than 
15% of their body may show evidence of intravascular hemo. 
lysis. The hemolytic process is thought to result from the 
direct effect of the heat on the red cells in the affected area 
Red cells heated to temperatures in excess of 47°C undergo 
changes, including fragmentation, budding, and microsphero- 
cyte formation; blood collected within 24 hours of such heat- 
ing shows evidence of these changes (Fig. 14~16). Because 
the cells are osmotically and mechanically fragile, they are 
rapidly removed from the circulation, and blood collected 
after that time is often normal in appearance. 


Drowning and Other Water-Related Osmotic Injuries Solute 
free or hypotonic water can cause osmotic hemolysis. This 
occurs most commonly in cases of near-drowning in fresh 
water when sufficient water is inhaled and absorbed through 
the lungs to cause a decrease in plasma osmolality with some 
degree of hemolysis.*! This can also occur when hypotoni¢ 
solution or distilled water is accidentally used in hemodialysis 
or as an intravenous fluid. Similarly, distilled water used 
an irrigant during urological procedures can enter the circula- 
tion through the raw tissue bed in amounts sufficient to caus 
hemolysis. 


Acquired Membrane Disorders 

A number of mechanisms can be implicated in produc: 
ing changes to red cell membranes, which cat rest 
in the shortened life span of the cell. Any change that 


(ns 
FIGURE 14-16 Peripheral blood from a patient with extensive DY ats 


= ner 
Note the typical (A) microspherocytes and (B) membranous ne eal” 
(From Bell A, Hematology, In Listen, Look and Learn. Bethesda, 


and Education Resources, Inc, with permission.) 


the red cell’s deformability or its resistance 
compro S can potentially contribute to a hemolytic 


to For example, spur-cell anemia, observed primarily 
» te with alcoholic cirrhosis, is a condition in which 
ipa eell assume a characteristic spherical shape with a 
of fine, fingerlike spike projections (acanthocytes) 

"i 14-17). Lipid disorders can also result in a loss of 
Oral deformability. In abetalipoproteinemia, the cells 
assume the classic shape of acanthocytes (Fig. 14-18). 
in end-stage renal disease, many of the cells take on the 
ce of burr cells or echinocytes (Fig. 14-19), which 

have numerous small spines over their entire surface. 
Other conditions in which echinocytes are seen include 
wate kinase deficiency and bleeding associated with 


peptic ulcer disease. 
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FIGURE 14-19 Renal disease (peripheral blood). Note the presence of 
(A) burr cells, (B) thorn cell, (C) blister cell, and (D) shistocyte. (From 

Bell A. Hematology. In Listen, Look and Learn. Bethesda, MD: Health and 
Education Resources, Inc, with permission.) 


nplement is a group of serum proteins that interact 
Leach other to bring about complement-dependent 


avascular hemolysis occurs when antibodies bind 
‘Antigenic determinants on red cells and activate the 
Kal Complement pathway. 
Eody-dependent cellular cytotoxicity (ADCC) is a 
Of direct (intravascular) lysis of immunoglobulin- 
AL cels; effector cells contain receptors for IgG] 
, 'eG3, and complement proteins C3b and iC3b, 
€N facilitate cell lysis. 
= binemia, hemoglobinuria, and decreased 
bin levels are common findings in 
oR lar hemolysis. 
Celis vascular hemolysis is the phagocytosis of red 
by fixed ‘thi 
- Phagocyte Phagocytes within the apace, 
the System (MPS); the two major organs 0 
ti) are the spleen and liver. 


Common laboratory findings in extravascular 
hemolysis may include the presence of spherocytes, 
increased serum indirect bilirubin, and urine 
urobilinogen, 

In alloimmune hemolytic anemia, patients produce 
alloantibodies to foreign red cell antigens introduced 
through transfusions, pregnancy, or organ transplantation. 
In autoimmune hemolytic anemia (AIHA), patients 
develop antibodies to their own red cell antigens. 

In drug-induced hemolytic anemia, patients produce 
antibodies directed at a particular drug, its metabo- 
lites, or red cells coated with the drug; the four major 
drug-induced mechanisms include immune complex, 
drug adsorption, membrane modification, and 
methyldopa-induced mechanism. 


Acute hemolytic transfusion reactions are character- 
ized by acute intravascular hemolysis and associated 
with the ABO blood group antibodies. 


Continued 
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SUMMARY CHART—cont'd 


A delayed hemolytic transfusion reaction is charac- 
terized by exposure to red cell antigens other than the 
ABO blood group; the reaction may occur from 2 to 
10 days after transfusion and is generally the result of 
an anamnestic response to transfused red cells. 


e Hemolytic disease of the fetus and newborn (HDFN) is 
an immune hemolytic disorder caused by maternal— 
fetal blood group incompatibility; maternal IgG 
antibodies with ABO, Rh, or other blood group 
specificity cross the placenta and destroy antigen- 
containing fetal red cells. 


e Warm autoimmune hemolytic anemia (WAIHA) 
accounts for 70% of autoimmune hemolytic anemias, 
and the DAT is positive for both IgG and C3d in 67% 
of cases, in 20% with IgG alone, and in 13% with 
C3d alone. 


e The specificity of normal cold autoantibodies includes 
anti-I, anti-H, and anti-IH, which react at temperatures 
from 4°C to 22°C. 


e Cold agglutinin disease (CAD) represents 16% of auto- 
immune hemolytic anemias; it occurs at a wide thermal 


CASE STUDY 14-1 


A 26-year-old Caucasian woman diagnosed with rheuma- 
toid arthritis came to the emergency department with com- 
plaints of weakness and shortness of breath. Laboratory 
findings revealed a severe normocytic anemia. The patient 
had received many red cell transfusions over the past 
8 years, but she had not received any transfusions in over a 
year. The peripheral blood smear demonstrated mild aniso- 
cytosis, spherocytosis, and moderate polychromasia, The 
crossmatch and antibody screen tests were weakly positive 
at the antiglobulin phase. On further testing, the patient’s 
direct antiglobulin test (DAT) was also weakly positive 
in polyspecific and IgG phases. The effort to obtain com- 
patible blood for transfusion was complicated because the 
patient’s serum reacted weakly with all cells tested. 


QUESTIONS 

1. Would you classify this patient’s anemia as immune or 
nonimmune? 

2. Do you think the patient’s red blood cells are hemolyz- 

ing intravascularly or extravascularly? Why? 

What hemolytic condition is most likely? 

4. What may the laboratory findings in this hemolytic 
condition include? 


~~ 


e Secondary CAS, caused by infections to iy 


range (4°C to more than 30°C); antibody specis i 
an IgM toward anti-I, anti-i, and anti-p;. Telty jg 


: 5 3 Coplay 
pneumoniae and infectious mononucleosis a ‘ma 
» Nas anti. 


body specificity toward anti-I and anti-i, respective 
y, 


e The four species of malaria that can infect humans 


through the mosquito vector are Plasmodium 
P. vivax, P. ovale, and P. malariae; P. falcip 
severe disease with an often fatal course. 


Salciparym, 
GUM Causes 


e Bartonellosis is caused by the organism Bartonelia 


bacilliformis and is transmitted by the sand fly; the 
disease is characterized by a hemolytic phase and 3 
tumor phase. 


e Microangiopathic hemolytic anemia refers to a group 


of disorders characterized by fragmentation of the req 
cells as they pass through abnormal arterioles, resulting 
in intravascular hemolysis. 


e A variety of chemical and environmental agents can 


cause hemolysis of red cells. These include oxidat- 
ing agents, arsenic, lead, copper, and insect or snake 
venoms. 


ANSWERS 
1. Immune because the DAT indicates RBCs are coat’ 
with IgG and complement. 

2. Extravascular hemolysis, because of the presence 
of spherocytes and the patient does not have 
hemoglobinuria. 

3, Warm autoimmune hemolytic anemia, secondaty " 
rheumatoid arthritis. 

4. Laboratory findings in patients with warm auto" 
hemolytic anemia may include increased reticu ie 
count, decreased hemoglobin, increased seu” ae 


june 


yic 


irubil 
dehydrogenase, increased indirect serum Cae 4 “B 
(product of red cell catabolism), and decrease 
haptoglobin level. 


1s diagnosed with pneumonia 3 weeks 
eturned to the hospital because he was 

-e weakness and shortness of breath on 
patient was pale and jaundiced, Lab- 
ealed severe normocytic anemia. The 
mear demonstrated marked agglutina- 
;. The crossmatch and antibody screen 


\ ‘ith complement proteins. 
¥ 


s agglutinating at room temperature 
e of which hemolytic condition? 
r laboratory test values may be affected by 
ination of RBCs? What is the remedy? 
‘test is the gold standard for diagnosing 


ican American man had recently returned 
rica to visit relatives. He complained of 
and general malaise over the past 
ent then developed a high fever followed 
which persisted for approximately a day. 
subsided, and the patient thought he was 
night, when he experienced another 
chills. Laboratory findings revealed the 
tic and slightly leukopenic. Odd, ring- 
Te seen in approximately 10% of his red 
Tare blue, crescent-shaped forms that 
Tacellular. On further testing, the DAT 
crossmatch and antibody screening tests 


“ 


t likely diagnosis? 
might be the causative agent? 
atory tests should be requested to aid 


for this disease? 
olysis occurs as a result of the 


~~ 
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ANSWERS 


it 


Cold agglutinin syndrome. This could be secondary to 
the patient’s pneumonia (probably Mycoplasma). 


. Certain complete blood count (CBC) values from an 


automated instrument will be erroneous because 

of the agglutination of RBCs at room temperature. The 
blood should be warmed to 37°C and rerun through 
the instrument. 


. The Donath-Landsteiner test. 
. This cold agglutinin syndrome would be expected 


to be self-limited; meanwhile the patient should avoid 
the cold. 


ANSWERS 


1. 
2. 
3. 


Malaria. 

Most likely Plasmodium falciparum. 

Thick smear preparation, stained with Giemsa or 
Wright’s stain; it is best to use fingerstick blood rather 
than anticoagulated blood. 


. The vector is the Anopheles mosquito. 
. Hemolysis in malaria occurs intravascularly as a result 


of direct red cell destruction by the parasite. 


PART2 Anemias 


REVIEW QUESTIONS 


1. Which of the following is a mechanism of immune 

hemolysis? 

a. IgG or IgM antibodies that activate the classical 
complement pathway 

b. Antibody-dependent cellular cytotoxicity (ADCC) 
mediated by B cells, monocytes/macrophages, and 
granulocytes 

c. Complete or partial phagocytosis of erythrocytes by 
fixed macrophages 

d. Deficient erythrocytic enzymes fail to protect the cell 


. Which would best distinguish hemolytic anemia caused 
by immune mechanisms from other hemolytic anemias? 
a. Presence of spherocytes on peripheral blood film 
b. Increased reticulocyte count 
c. Enlarged spleen 
d. Positive DAT 


. Which is true concerning autoimmune hemolytic 
anemia? 
a. Majority of cases are of the “cold” type 
b. Seen in transfusion reactions 
c. Is demonstrated in hemolytic disease of the fetus and 
newborn 
d. Antibodies are produced against one’s own 


erythrocyte antigens 


. What is the process in which the immune system pro- 
duces antibodies to foreign red cell antigens introduced 
into their circulation through transfusion, pregnancy, or 
organ transplantation? 

a. Alloimmune hemolytic anemia 

b. Autoimmune hemolytic anemia 

c. Drug-induced immune hemolytic anemia 
d. None of the above 


. What causes hemolytic disease of the fetus and 

newborn (HDFN)? 

a. Maternal IgG antibodies, formed as a result of a 
previous blood exposure or pregnancy, cross the 
placenta and attach to fetal cells. 

b. Fetal IgG antibodies cross the placenta and attach to 
maternal red cells. 

c. Maternal IgM antibodies, formed as a result of a 
previous blood exposure or pregnancy, cross the 
placenta and attach to fetal cells. 

d. Fetal IgM antibodies attach to fetal red cells and 
cross the placenta to enter the mother’s circulation. 


. Which is mot a characteristic of warm autoimmune 
hemolytic anemia? 

a. Variable anemia 

b. Reticulocytosis and spherocytosis 

c. Positive result for Donath—Landsteiner test 

d. DAT result usually positive for both IgG and C3d 


7. What is a feature of cold agglutinin syndrome 


a, Usually an IgG antibody 
b. Reticulocytosis and positive DAT 
c, Predominantly in younger patients 


d, Reacts only on temperatures below 22° ¢ 


acute hemolytic transfusion reactions? 


a. The causative antibody is typically IgG. 


b. Patients may not present with symptoms for 


days to weeks. 


c. Causative antibodies are most often those 


associated with ABO blood groups, 


d. Red blood cell lysis is exclusively extravascular 


in nature. 


nonimmune hemolytic anemia? 
a. Leukemia 


b. Mechanical, chemical, and physical agents 


c. Acquired membrane disorders 
d. Infections 


a. Mycoplasma pneumoniae 
b. Clostridium perfringens 
c. Liver Disease 

d. Staphlococcus aureus 


Which of the following, as measured via an auton ated 
hematology instrument, would most likely be aficct 


by a cold agglutinin? 
a. Hemoglobin 

b. Hematocrit 

c. Platelet count 

d. Leukocyte count 


drug-erythrocyte complex? 
a. Penicillin 

b. Cephalosporin 

c, Aldomet 

d, Quinidine 


seen in children living in old, deteriorat! 
homes? 

a, Copper 

b. Lead 

¢. Mercury 

d. Arsenic 


. Which of the following is not implicated with 


. Which of the following is an acquired membrane 
disorder causing a nonimmune hemolytic anemia? 


. Which of the following drugs causes a hemoly' 
anemia resulting from production of “true autoantl- 
bodies” rather than antibodies to the drug or 0" 


F - *< typically 
- Which cause for hemolytic anemia 1s 'y picall) 


ng 


. Which of the following describes a characteristic of 


ed 


UESTIONS—cont'd 


q, Autoimmune processes 
-p, Extracellular infection 
¢, Drugs 
; - Mechanical impacts 
15. 
a, Infectious mononucleosis 
__p, Systemic lupus erythematosus 
¢. Myelogeneous leukemia 
qd. Mycoplasma pneumonia 
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Anemia of Liver Disease Clinical Findings 
Etiology and Pathophysiology 
Clinical Findings 

Laboratory Evaluation 
Treatment 


Treatment 


Anemia of Endocrine Disease/Disorders 
Diabetes 
Adrenal Insufficiency 


Clinical Findings 


HIV and AIDS 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


15-1 Analyze the pathophysiology of anemia of chronic 
kidney disease. 

15-2 _ Identify the treatment for anemia of chronic 
kidney disease. 

45-3 Evaluate the characteristics of the red blood cells 
in anemia of liver disease. 


15-4 Differentiate the etiology of anemia of kidney 
disease from anemia of liver disease. 


nemias associated with inflammation or chronic systemic 

diseases are commonly hypoproliferative anemias, because 
they are not accompanied by an appropriate proliferative 
response by the bone marrow. This lack of bone marrow 
response is evident by analysis of the patient's absolute retic- 
ulocyte count having a low or normal value. It is important for 
clinicians and laboratory professionals to recognize the char- 
acteristics of these anemias in patients with systemic diseases 
and to understand the laboratory studies required to diagnose 
them. Anemia in a patient without other clinical symptoms at 
presentation could be the first indication ofa systemic disease, 
such as viral infection or malignancy. Likewise, a sudden 
change in the complete blood count (CBC) ofa patient who 
has been diagnosed with an inflammatory or systemic disease 
might indicate a new complication. For this reason, a CBC 
should be part of the initial laboratory evaluation, 
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Etiology and Pathophysiology 


Laboratory Evaluation 


Case Study 15-1 
Case Study 15-2 
Review Questions 
References 


Anemia Associated With Viral Infections 
SARS-CoV-2 and COVID-19 
Etiology and Pathophysiology 


Laboratory Evaluation 


15-5 Compare the mechanisms involved in myelophthisic 
anemia to other hypoproliferative anemias. 


15-6 Assess the laboratory findings associated with 
anemia of endocrine dysfunction. 


15-7 Summarize the proposed pathophysiology of 
anemia caused by viral infections. 


15-8 — Assess the pathophysiology of anemia of 
prematurity. 


in this 


The common theme of the anemias described mor 


chapter is the role of systemic disorders (1.¢» nonhe 
tologic disorders) by suppressing red blood cell Pt’ 
tion in the bone marrow, resulting in a hypoprolile® 
anemia. Anemia of Chronic Inflammation is discus 
Chapter 7. 


produ 


Anemia of Chronic Kidney Disease 
Renal disease is associated with a wide variety of hem 
abnormalities. These include anemia, abnormal P 
tion, abnormal white blood cell function, and cone a 

The latter usually results from the direct effec! 4 310 
on platelet and coagulation factor function Ane i 
invariably accompanies significant chronic renal 1s" 


or renal failure. 


0e 
(yar 
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Jate' aif 
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ust! 


and pemophysiology 
me kidney disease is caused by: 
mia of chronic 


EPO production by damaged kidneys 
ra moderately reduced RBC life span 


"con programmed cell death of RBCs) induced 
ic toxins'* 
ion of erythropoiesis by inflammation and 
Ss ric toxins that accumulate in renal failure and chronic 
kidney disease 
contributing factors may include nutritional disorders 
ae deficiency, iron deficiency), hormonal disorders, 
hemolysis, inflammation, and other underlying disorders.3 The 
involved in anemia of chronic kidney disease are 
utlined i in Box 15-1. 

The cause of anemia of chronic kidney disease is 
decreased production of EPO by failing kidneys. Despite this, 
it is not recommended to routinely evaluate EPO levels to 

or monitor patients with chronic renal disease.4 Mea- 
sured EPO levels may be decreased, normal, or increased. Nor- 
mal or increased levels would still be considered “abnormal” 
for the degree of anemia present. Thus, the EPO production 
by the diseased kidneys is insufficient for the severity of the 
anemia present, and administration of EPO-stimulating agents 
becomes a primary treatment for anemia of chronic kidney dis- 
ease in patients with adequate iron status or concurrent iron 


supplementation.**° 


tion of EPO. Some patients continue to have ane- 
pite the use of EPO-stimulating agents and iron 


Mechanisms Involved in Anemia of Chronic 
omy Disease 


~ > shadequate for the degree of anemia 
‘Crease in erythroid precursors in the bone marrow 


of erythropoiesis by uremic toxins 
toxins such as polyamines 
Molecules" of inflammation 


RBCLLife Span 
scular defect related to uremic toxins 


open fae! of Anemia 
‘ resin to dialysis or GI hemorrhage) 


SP Mia related to fluid retention 
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Supplementation. Uremic toxins in the plasma of patients 
with end stage renal disease (ESRD) and chronic kidney 
disease (CKD) have been shown to have increased expres- 
sion of phosphatidylserine on the outside membrane of the 
RBCs. This phospholipid flops from the inner membrane 
to the outer membrane of aging RBCs as a marker for cell 
death and can also serve to indirectly activate platelets as 
microparticles release from the RBCs.’ Serum taken from 
patients before dialysis has been used to demonstrate the 
_ increase in eryptosis, whereas serum taken postdialysis 
_ has not been shown to increase eryptosis.' The increase of 
eryptosis in renal patients may also contribute to additional 
complications including increased cardiac risk owing to the 
adhesion of the eryptotic cells to the endothelium and expo- 
sure of the phosphatidylserine that can activate platelets, 
which could be compounded by the use of EPO to produce 
more RBCs that would be prone to eryptosis, thus adding 
to the downstream effects.'* Chronic inflammation has 
been associated with a decline in renal function. The patho- 
physiology of this chronic inflammatory state has yet to be 
elucidated, though it is thought to have many factors includ- 
ing immune dysfunction, alteration of the gut microbiome, 
retention of uremic toxins, and oxidative stress factors.* Ele- 
vations in IL6 have been associated with worse outcomes. 
Uremic retention solutes have been shown to include “mid- 
dle molecules” including cytokines and pro-inflammatory 
mediators (e.g., IL6, IL-1B, TNF, B2-microglobulin, para- 
thyroid hormone, ghrelin [a hunger hormone released by 
the stomach], etc.), which make up 23% of the uremic tox- 
ins present and have been shown to increase in proportion 
with the severity of renal dysfunction.’ This inflammatory 
state may lead to the increased levels of hepcidin seen in 
patients with CKD. The increased hepcidin levels may be 
the cause of impaired erythropoiesis in the presence of ade- 
quate EPO. This iron-restricted anemia presentation may 
further complicate differential diagnosis of ACI or anemia 
of CKD. A large portion of these “middle molecules” are 
removed through dialysis, whereas larger protein-bound 
molecules such as indoxyl sulfate are not removed suffi- 
ciently,’? The indoxy! sulfate has many toxic effects includ- 
ing vascular damage but may also have a direct inhibitory 
effect on the expression of the EPO receptors in erythroid 
precursors, which impair the EPO synthesis in the kidney 
by preventing the activation of hypoxia inducible factors? 
Additionally, other protein-bound uremic toxins have 
been shown to directly inhibit erythropoiesis by decreasing 
proliferation and maturation of erythroid precursors.* 


Ultimately, the uremic toxins seen in patients with CKD 
modulate anemia by decreasing the production of EPO, increas- 
ing eryptosis, and by inhibiting erythropoiesis in the bone mar- 
row through the reduction of EPO receptors. In addition, these 
uremic toxins decrease proliferation and maturation of eryth- 
roid precursors, and modulate hepcidin regulatory pathw ays 
with iron restriction and persistent inflammation mediators? 
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Clinical Findings 

Patients with chronic kidney disease should be screened for 
anemia at least annually as anemia develops in virtually all 
patients with CKD.‘ CKD can be a complication of diabetes, 
inflammation, hypertension, renal fibrosis, and other chronic 
diseases. It can remain undetected as patients are often asymp- 
tomatic until the dysfunction progresses.*° 


Laboratory Evaluation 

The anemia of chronic kidney disease may be more severe 
depending on the severity and duration of the renal dysfunction 
and is usually normocytic with a decreased or (inappropriately) 
normal reticulocyte count classifying it as a hypoproliferative 
anemia. On peripheral blood films, erythrocytes are normo- 
cytic and normochromic; burr cells, sometimes seen in uremia, 
may also be present (Fig. 15-1). 


CRITICAL THINKING QUESTION 

15-1 Would you expect the erythrocyte sedimentation rate 
(ESR) or C-reactive protein (CRP) to be normal, increased, 
or decreased in anemia of chronic kidney disease? 

See answers to all Critical Thinking Questions at the back 

of this book. 


Treatment 

The current guidelines for treatment of anemia in chronic kidney 
diseases begins with the evaluation of iron stores. If the patient 
is iron deficient, oral or IV iron supplementation is recom- 
mended along with the EPO-stimulating agents. Dialysis will 
help decrease the “middle molecules” but not the protein-bound 
molecules. The use of IV iron should be used with caution, par- 
ticularly in the context of patient needing transfusions to avoid 
the potential for iron overload. The serum ferritin and serum 
transferrin saturation should be monitored every | to 3 months 
for elevations that would be indicative of iron overload.*” 


Anemia of Liver Disease 
A wide array of hematologic disorders is encountered in 
patients with liver disease. The morphology and degree of 


“nm 


FIGURE 15-1 Peripheral blood from a patient with renal disease. Note 
the burr cells (arrows). (From Bell A. Hematology. In Listen, Look and Learn. 
Bethesda, MD: Health and Education Resources, Inc,, with permission.) 


anemia differ somewhat depending on the cause and duratgl 
of the liver disease and on the presence or absence of oth 
associated effects (Box 15~—2). Most cases of anemia assoct 
ated with liver disease are seen in patients with chronic jj 
disease. One of the most common causes of liver disease ap, 
liver damage is excessive alcohol ingestion. 


Etiology and Pathophysiology 
Chronic liver disease brings to mind more problems with hem. 
stasis than with complete blood cell counts (CBC); however, ane. 
mia is often present (in about 75% of patients) through a Variety 
of mechanisms.’ Depending on the underlying cause of ane.’ 
mia, it may present as macrocytic, normocytic, or microcytie, Ip 
chronic liver disease, the anemia may be severe but overall does 
not directly correlate with the severity of liver disease. It can be 
caused by complications related to liver damage such as bleed. 
ing, hemolysis, acquired hemolytic anemias (spur cell), viral hep. 
atitis complications, bone marrow toxicity, and malnutrition. 


Clinical Findings 

Patients with chronic liver disease, liver failure, and end-stage 
cirrhosis have decreased capacity for the production of coagu- | 
lation factors by the liver, especially the vitamin K—dependent 
factors (see Chapter 25, Hemostasis, and Chapter 27, Disorders | 
of Secondary Hemostasis). This may be a cause of chronic 
blood loss or severe bleeding associated with hemostatic chal- 
lenges such as surgery. The anemia can be normocytic and | 
normochromic. However, increasing macrocytes often cause | 
the MCV to be modestly elevated. Patients with chronic liver 
disease may also have hypersplenism caused by portal hyper 
tension and, in some cases, thrombosis of the splenic vein! 
Hypersplenism is a cause of platelet sequestration leading 0 
thrombocytopenia and associated chronic bleeding tendet- 
cies, especially gastrointestinal and mucosal surface bleeding. 
Hypersplenism can also lead to decreased red blood cell sur 
vival as RBCs are trapped in the reticuloendothelial system 


» Mechanisms of Anemiajn Liver Disease 


Direct Effects 

* Toxic effects of ethanol (dyserythrop« lesis, folate deficiency) 

* Vacuolization of marrow hematopoietic precursor cells 

* Decreased marrow cellularity 

* Macronormoblastic changes NOT associated with folate 
deficiency or vitamin B,, deficiency 

* Acute and chronic blood loss 

Gastrointestinal bleeding (Alcoholism) 

Liver disease-associated coagulopathic states 

* Viral suppression of erythropoiesis (Hepatitis) 


Indirect Effects 

* Dilutional anemia 

* Hypersplenism, erythrocyte sequestration 

* Hemolytic anemia 

* Spur-cell anemia (acanthocytosis) 

RE macrophage activity 

* Malnutrition 

* Protein, folate, iron, and vitamin deficiencies 
* Anemia of chronic inflammation 


4 


Liver disease caused by hepatitis can also cause aplastic ane- 
mia with viral infection of the bone marrow and erythrocyte 
precursors. This infectious process can directly affect the cells 
and also initiate the immune response, which inhibits erythro- 
poiesis through INF-y as described in ACI in Chapter 7,5 

Excessive alcohol consumption can contribute to a 
hypoproliferative anemia in several ways. Alcohol has direct 
toxic effects on red blood cell precursors and bone marrow 
cellularity. There is a direct inhibition of hematopoietic pre- 
cursors that can result in a variety of cytopenias, including 
leukocytopenia, thrombocytopenia, and anemia.":!2 The RBC 
lineage seems to be the most susceptible to this direct inhibi- 
tion through both alcohol and acetaldehyde (a by-product of 
alcohol metabolism) and potentially explains the frequency of 
anemia rather than leukocytopenia in heavy alcohol users.!? 
Alcohol consumption is also associated with folate deficiency 
(even in patients with proper nutrition).*" Folate deficiency 
may be associated with direct effects of alcohol on folate 
metabolism, including increased urinary folate excretion, 
decreased liver storage, and impaired intestinal absorption.'? 
Additionally, chronic alcohol consumption has been associ- 
ated with changes in iron metabolism leading to increased 
iron storage and sideroblastic anemia as a consequence of the 
folate deficiency, iron consumption in alcoholic beverages 
(e.g., wine), and/or therapies administered."? 


Laboratory Evaluation 

Overall, anemia associated with chronic liver disease alone 
(without complications) is mild to moderate. It is hypoprolif- 
erative, as demonstrated by absent reticulocytosis (decreased 
number of reticulocytes for the degree of anemia) and may 
show variable RBC morphology, including moderate numbers 
of round macrocytes and acanthocytes. 

Target cells and acanthocytes are seen on the peripheral 
blood smear in cases of chronic liver disease and are a con- 
Sequence of the altered lipid production'* seen with liver 
dysfunction (Fig. 15-2 and Chapter 2, The Red Blood Cell). 
Macrocytosis with the formation of target cells is seen on the 
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peripheral blood smear in cases of chronic liver disease with 
a level of obstructive jaundice or hepatocellular cholestasis 
affecting lipid metabolism because of portal hypertension.’ 

Morphological changes such as vacuolization of erythro- 
blasts and red blood cell precursors in the bone marrow are 
observed in alcoholic patients.'*> Bone marrow biopsies from 
alcoholic patients present with megaloblastic changes in the 
erythrocyte lineage only, ringed sideroblasts, and vacuoles in 
the erythropoietic precursors and may resemble those from 
patients with myelodysplastic conditions.” 

Lipid metabolism is negatively affected by liver dis- 
ease. Decreased lecithin-cholesterol acyltransferase enzyme 
(LCAT) in severe liver disease is also thought to play a role 
in the deposition of cholesterol in the RBC membrane due 
to increased free cholesterol in the plasma.'*'*'’ Target cells 
are formed due to increased membrane lipid (cholesterol 
and phospholipids) content, whereas acanthocytes are due to 
excess membrane cholesterol (Table 15-1). A rare compli- 
cation of severe liver disease is a hemolytic anemia caused 
by rigid membranes of the acanthocytes (spur cell anemia) 
decreasing the deformability of the cell as it passes through 
the spleen.?!°17 


CRITICAL THINKING QUESTION 

15-2 In consideration of a hypoproliferative anemia, would 
you expect to see polychromasia on the peripheral 
blood smear? 


ie ADVANCED CONTENT 


Macrocytes in liver disease have different morphological 
features depending on their cause. Macrocytosis is often 
seen in patients with cirrhosis, obstructive jaundice, and 
other types of liver disease without the presence of ane- 
mia.'* These macrocytes are due to abnormal membrane 
cholesterol and phospholipid content and reflect the lipid 
metabolism dysfunction in liver disease. The survival of 
these macrocytic red cells is not typically decreased, These 
macrocytes are not, however, the macroovalocytes seen in 
megaloblastic anemia, and these patients do not have other 
markers of megaloblastic changes (refer to Chapter 8).8 
This type of macrocytosis does not respond to vitamin B,, 


TABLE 15-1 RBC Morphology in Liver Disease 


Pathophysiology 


? Membrane lipids 
TMembrane lipids 


Morphology 


Target cells 


Spur cells 
Macrocytosis + Folate, Tmembrane lipids 
Reticulocytosis Anemia 


Macronormoblasts* T Membrane lipids 


*Bone marrow erythroblasts, 
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or folate therapy but usually resolves only with improve- 

ment of liver function and decreased severity of disease. 

However, macroovalocytes can be observed in some end-stage 

liver disease patients due to the complication of mega- 
_ loblastic anemia caused by underlying folate deficiency due 
; to poor nutrition, alcohol consumption, or increased RBC 
| need (accelerated maturation).'* 


Treatment 


Correction of any dietary deficiencies (lack of iron or folate) 
can help the anemia of chronic liver disease. However, res- 
olution of the liver disease itself corrects the macrocytosis, 
acanthocytosis, and anemia. In most instances, advanced liver 
disease and hypersplenism (when present) are irreversible. 
In these cases, dietary supplementation (iron, vitamin B,,, 
and folate) can be efficacious in preventing any hematologic 
sequelae; however, bizarre red cell morphology and low-grade 
anemia may persist due to the liver disease alone. 


Anemia of Endocrine Disease/Disorders 


The spectrum of endocrine diseases and their effects on metab- 
olism is wide. Patients with endocrine disease can have distur- 
bances in protein synthesis, energy metabolism, growth, and 
mineral metabolism. Many of the same hormones involved 
in endocrine disorders are also involved in the regulation of 
hematopoiesis. Diseases of the adrenal, thyroid gland, parathy- 
roid glands, gonads, and pituitary gland are associated with the 
presence of anemia. Many of these often present together in a 
polyendocrinopathy or autoimmune polyglandular syndromes 
(APS). Those presenting with APS are at a higher risk for B,, 
deficiency or pernicious anemia due to atrophic or autoimmune 
gastritis and a decrease in intrinsic factor.!?° While anemia is 
common in many of these endocrine disorders or combination 
of disorders, it is not diagnostic and can be complicated by 
comorbidities (iron depletion, bleeding, nutrition, autoimmune 
gastritis leading to pernicious anemia, etc.). 


Diabetes 

Diabetes is considered the most common endocrine dis- 
order in the United States with an estimated prevalence of 
13% in US. adults; 34.5% of U.S. adults are prediabetic 
with increased cases every year.”! Type | diabetes is marked 
by deficiencies in insulin production, while type 2 diabetes 
reflects a more insulin-resistant phenotype. Type 2 diabetes 
is more common in the United States, and risk increases with 
obesity and age.” 

The evolution of anemia in diabetes (both type | and type 2) 
has been explored as a possible risk factor for diabetic compli- 
cations, including nephropathy and cardiovascular disease.” 
A decreased production in EPO or inappropriate response of 
EPO for compensation of anemia (hypoproliferative response) 
has been shown to be one of the predominant mechanisms of 
anemia in diabetics. In type 1 diabetes, anemia is often associ- 
ated with autoimmune causes leading to decreased absorption 
(due to gastritis) of iron or B,,.*** Type 2 diabetes has several 
mechanisms including the inflammatory response, deficiencies 


in iron and EPO, decreased life span of RBCs, and ond 
decreased EPO response due to reduced functional Epg a 
glycation of the EPO receptor? of 

The mechanisms of the inflammatory response include 
an increase in proinflammatory cytokines (e.g., IL}, ILs 
TNFa) as seen with ACI. As hyperglycemic states persis, 
the increased circulating sugar and glycation products impair 
the function of hypoxia-inducible factor, cause glycation gf 
EPO receptors thereby inhibiting erythropoiesis, and add jp 
the inflammatory response.” 

Treatments for type 2 diabetes such as metformin, thiaz. 
lidinediones, and angiotensin-converting enzyme inhibitors 
have also been shown to contribute to anemia in diabetics = 
Treatments for anemia associated with type 2 diabetes are jp 
treat the underlying disease, increase gylcemic control, ang 
decrease inflammation.” 


Adrenal Insufficiency | 
Primary chronic adrenocortical insufficiency, or Addison dis- 
ease, has several causes. The most common is autoimmune 
adrenalitis.*° It can present alone, but about half of the cases 
of autoimmune adrenalitis present as part of autoimmune 
polyglandular syndromes.” Patients with adrenocortical 
insufficiency may develop weakness and fatigability because 
of corticosteroid or steroid hormone insufficiencies. Addison 
disease occurs in 1 and 20,000 in the United States, and human 
leukocyte antigen (HLA)-B8, -DR3, and -DR4 are associated 
with increased risk.*° 

When autoimmune Addison disease presents with oiber 
autoimmune endocrine diseases (including diabetes mellitus 
hypoparathyroidism, hypogonadism, and autoimmune thyroid 
disorders), the autoantibodies cause destruction of the gland 
or organ resulting in subsequent hypofunction. Patients m4 
develop pernicious anemia through destruction of gastnie 
lining cells in autoimmune gastritis leading to decreased 
absent production of intrinsic factor—the binding facto 
released by stomach-lining cells that binds vitamin B,, fue 
the diet and permits its absorption from the gastrointes 
tract at the level of the ileum (small intestine). The eio"® 
of the anemia in this instance is vitamin B,, deficiency a 
to nutrient deficiency megaloblastic anemia (see Chapt 
Megaloblastic Anemias). Treatment with intramuscular il 
tions of vitamin B,, may be helpful in this case as 2 ™ 
of bypassing the gastrointestinal tract, thereby Clare 
entry of vitamin B,, into the body by the intramuscu™ 
opposed to the oral route. otic 

Idiopathic adrenalitis may cause isolated adren?™ 
insufficiency (glucocorticoid/steroid deficiency) resis | 
a mild, normocytic, normochromic hypoproliferauy? — | 
(no reticulocytosis). The anemia may not be evident 
of the accompanying decrease in plasma yolume, whie a 
ifests concurrently with the adrenal insufficiency ™ 
mask the mild anemia. ee aiealt © 

The etiology of the anemia of adrenal insula 
unclear but indicates some contribution to normal s sf 
etic activity by glucocorticoids as they have been sho “se 
vital in the self-renewal of burst-forming umit °° sous : 
genitors (BFU-E).?” Treatment with an exogenow? ° 
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gilt steroids (typically oral prednisone or hydrocortisone) 
will usually correct this mild anemia.”° 


Thyroid Disease ‘ 
Thyroid hormones affect the basal metabolic rate changing 
the rate of oxygen and energy consumption. EPO produc- 
tion by the kidney depends on tissue oxygenation, which is 
influenced by the metabolic rate and indirectly by thyroid 
hormones (€.g., tri-iodothyronine [T,] and tetra-iodothyronine 
[T,)). Erythropoiesis will be increased (hyperthyroidism) or 
decreased (hypothyroidism) based on the demand for oxygen 
reflecting the increased basal metabolic rate (hyperthyroidism) 
or decreased metabolic rate (hypothyroidism), Conflicting 
studies have shown anemia presenting with both hyperthy- 
roidism and hypothyroidism. 

Hypothyroidism often presents with a mild normocytic to 
macrocytic hypoproliferative anemia. The thyroid hormone 
receptor alpha is expressed by erythroid precursors and has 
been shown to regulate erythropoiesis. Hypothyroid patients 
present with decreased erythroid precursors in the bone mar- 
row and decreased serum levels of EPO (most likely due to 
the decreased metabolic rate and tissue oxygenation).!’ 

Because of increased erythropoiesis, hyperthyroidism is 
not as frequently associated with anemia. However, a study 
evaluating anemia in Graves hyperthyroidism reported a third 
of the patients presenting with anemia.'!? Mechanisms for 
anemia in hyperthyroid patients are independent of erythroid 
hyperplasia of the bone marrow and increased serum EPO 
levels. Changes in iron metabolism and decreased RBC life 
span due to increased oxidative stress have been suggested as 
possible mechanisms.!” 

The clinical effect of anemia with hypothyroidism and 
hyperthyroidism remains under investigation. A recent cohort 
study showed that subclinical thyroid dysfunction was not a 
tisk factor for developing anemia, as <10% of participants 
with subclinical thyroid dysfunction developed anemia within 
5 years in a follow-up investigation.** However, other stud- 
'es have indicated increased reporting of both anemia and 
hypothyroidism in over half of the participants, with female 
Patients and older patients reporting lower hemoglobin lev- 
els. Additional mechanisms for anemia in these patient pop- 
ulations, such as iron deficiency and blood loss, may require 
More urgent treatment. Iron deficiency anemia (IDA) may 
mask the presence of hypothyroidism.” 


Hyperparathyroidism 
roe erative anemia occurs in primary hyperparathy- 
meee in 5% to 30% of patients.?®*° The anemia is mild to 
toliferan a degree, normocytic, normochromic, and is hypop- 
Parath tive. Anemic patients tend to have more severe hyper- 
yroidism with higher levels of parathyroid hormone, 
likely Siam, and alkaline phosphatase. They are also more 
and fens ve increased severity of bone disease, bone pain 

The Tes, kidney stones, and bone marrow fibrosis.” 

UNclear Pathogenesis of anemia of hyperparathyroidism is 
Mone cae 1S most likely multifactorial. Parathyroid hor- 
) may decrease proliferation of erythroid precur- 


Sorg i 
Nn the bone Marrow through increased proinflammatory 
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cytokines (IL6, TNFa), decreased EPO production, and 
stimulation of fibroblasts through activation of platelet- 
derived growth factor-alpha (PDGF-c).”>! While bone mar- 
Tow fibrosis is the most likely cause of anemia in these patients, 
myelophthisic changes (dacryocytes and leukoerythroblasto- 
sis) in the bone marrow and peripheral blood are not seen.””*° 

The treatment of this anemia involves the treatment of the 
underlying hyperparathyroidism through parathyroidectomy. 
Patients undergoing parathyroidectomy generally improve 
both the anemia and the bone marrow fibrosis.?*° 

Patients with renal failure frequently develop secondary 
hyperparathyroidism. In these patients, it is difficult to sort out 
the contribution of the anemia of hyperparathyroidism from 
that of anemia of chronic kidney disease. In addition to the 
mechanisms of anemia hyperparathyroidism listed previously, 
PTH is also considered a uremic toxin and can contribute to 
anemia seen in chronic kidney disease patients. Treatment of 
underlying secondary hyperparathyroidism in kidney patients 
with calcimimetics and vitamin D could improve the response 
to EPO-stimulating agents.*! 


Hypogonadism 
Androgens are other hormones that have important roles as 
stimulants of erythroid activity, both physiologically and ther- 
apeutically. For example, the higher normal range for hemo- 
globin (HGB) concentrations in men compared with women 
reflects the effect of androgens. Healthy men have HGB lev- 
els up to 1.0 g/dL higher than those of healthy women. Men 
with hypogonadism (as well as boys and elderly men) have 
hemoglobin levels similar to those seen in adult females. In 
these instances, serum androgen (i.e., testosterone) levels are 
decreased while follicle-stimulating hormone and luteiniz- 
ing hormone levels (i.e., pituitary hormones) are increased 
in an attempt by the pituitary to stimulate the nonfunction- 
ing gonads. In a mature man with gonadal hypofunction, the 
decreased androgen levels result in a mild normocytic, normo- 
chromic anemia accompanied by a reticulocytopenia that may 
be reversed with the administration of exogenous androgens. 
Androgens seem to promote erythropoiesis in at least two 
ways: (1) increasing the production of EPO by the kidney 
and (2) stimulating the marrow in conjunction with EPO. 
Testosterone has been shown to increase red cell mass directly 
by suppression of hepcidin, stimulation of the renal production 
of EPO (unknown mechanism), stimulation of erythropoiesis 
and EPO sensitivity in erythroid precursors, and conversion 
of testosterone to estradiol that further regulates hepcidin.? 
Androgens also increase 2,3, bisphosphoglycerate (2,3-BPG), 
increasing oxygen delivery to the tissues and stimulating 
granulocyte and platelet production (resulting in increased 
thrombotic risks). 


Pituitary Dysfunction 

In panhypopituitarism, there is a deficiency in five hormones 
produced by the anterior pituitary: growth hormone, thyroid 
stimulating hormone (TSH), adenocorticotropic hormone 
(ACTH), prolactin, and gonadotropin. These hormones havea 
direct relationship with erythropoiesis in the bone marrow, As 
aresult, a mild, normocytic, normochromic, hypoproliferative 
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anemia is seen in patients with hypopituitarism. To correct 
this anemia, patients usually require the exogenous teplace- 
ment of thyroid hormone, androgens, and/or estrogens, as 
well as the administration of corticosteroids.** Rare cases 
of pancytopenia have been documented in patients with 
panhypopituitarism. 

A summary of endocrine disorders including the type/ 
morphology of the anemia, pathogenesis, and treatment is 
outlined in Table 15-2. 


Myelophthisic Anemia 


Myelophthisic anemia is very common in patients with both 
hematologic and nonhematologic malignancies (Fig. 15-3). 
The term “myelophthisis” refers to bone marrow infiltration 
by malignant cells (including tumors and granulomas) or to 
marrow replacement by fibrosis (increases in collagen and/or 
reticulin). The type of abnormality depends on a multitude of 
factors, including the type of infiltration being fibrous or cel- FIGURE 15-3 Peripheral blood from a patient with disseminated 
lular, the type of cancer, the site or sites in the body involved _ carcinoma. Note presence of (A) schistocytes and (B) helmet cells. Fam 
by the malignancy, the patient’s treatment with chemo- or radi- _Bell A. Hematology. In Listen, Look and Learn. Bethesda, MD: Heath an 
ation therapy, and the extent of involvement of the hemato- EouCaS On Bes Outces Ic Win) permission.) 

poietic tissues (bone marrow).*° Box 15-3 lists the direct and 
indirect effects of the mechanisms of myelophthisic anemia. 


reactive, space-occupying fibrosis accompanies bone manoy 
Etiology and Pathophysiology infiltration by malignant cells. 

When the bone marrow is infiltrated by a malignant tumor, Leukoerythroblastosis, which refers to the presence of bot 
it can lead to anemia known as myelophthisic anemia. Other § immature white blood cells (WBCs) and nucleated RBCs: 
causes of hypoproliferative anemias, such as CKD and the _ the peripheral blood, is frequently seen on the periphed 
anemias associated with endocrine disorders, must be ruled _ blood smear along with teardrop RBCs (Fig. 15-4). Althous 
out in the differential diagnosis. Additionally, other causes leukoerythroblastosis can also be seen in reactive and conge 
of bone marrow failure such as hematologic malignancies, ital conditions, it is the result of malignant disease proces 
infection, and drugs should also be considered. In most cases in approximately 63% of cases,’ Leukoerythroblastos 
of malignancy involving the bone marrow, some degree of _ with dacryocytes or teardrop-shaped RBCs is often achue® 


TABLE 15-2 Endocrine Disorders: Type of Anemia, Pathogenesis, and Treatment 
Endocrine Disorder Type of Anemia Pathogenesis (Cause of) 


Hypopituitarism N/N Loss of trophic function of pituitary Exogenous replacement of thyroid horment 
hormones Androgens ane/or estrogens 
Administration of corticosteroids __ 
Adrenal insufficiency N/N Idiopathic (unknown cause) Exogenous source of corticosteroids | 
In Addison disease - autoimmune et 
; IP ie Bi ka $$$ | 
Hypothyroidism Mild macrocytic Hypothyroidism Exogenous thyroid hormone | 
(Macronormoblastic) a 
Hyperparathyroidism NN ik. Increased parathyroid hormone E Parathyroidectomy or medic | treatment 1 
: c = pty DLE 
Hypogonadism N/N Defective secretion of/from the gonads Androgens 2 
Diabetes — Type 1 N/N to mild macrocytic Autoimmune (gastritis) taoiieee lron orB | 
ay ogee i an Decreased abruption of Iron or B. 2 
Diabetes — Type 2 N/N Inflammation so ‘Ghycemic control (treatment of underlying | 
Iron deficiency disease) 
EPO deficiency Iron (if deficient) 
Decreased RBC life span | 
Decreased EPO response 
Therapy related 
N/N = normocytic/normochromic anemia. 


Mechanisms of Myelophthisic Ane 


Direct Effects 

+ Replacement of marrow by malignant cells 
+ Primary hematologic malignancy 

+ Ineffective erythroid production 

* Qualitative reduction in erythropoiesis 

+ Metastatic marrow infiltration 

+ Quantitative reduction in erythropoiesis 

+ Replacement of marrow by fibrosis 


Indirect Effects 

+ Anemia of malignant disease/anemia of chronic inflammation 
+ Anemia of associated organ failure (e.g., renal, hepatic) 

+ Malnutrition and vitamin deficiency 

+ Microangiopathic hemolytic anemia 

+ Immune hemolytic anemia 


Treatment-Associated Anemia 
Immediate 

+ Chemotherapy 

* Radiation therapy 


Late 

* Secondary myelodysplasia or leukemia 
* Idiopathic 

* Depleted marrow reserve 

* Microangiopathic hemolytic anemia 


rr 


Fi 
Bi ee Leukoerythroblastosis, a peripheral blood picture that often 
Mpanies marrow infiltration by tumors (myelophthisic anemia). Note 


Presence of immature (A) red and (B) white blood cells. 


se infiltration by the tumor or by bone marrow fibro- 
as 15-5) as opposed to a reactive process that usually 
Pho} iraice leukoerythroblastosis and normal RBC mor- 

°ey (Fig. 15-6), 

vn'Sal Findings 
Nosed with with myelophthisic anemia are already diag- 
logic ae af Systemic disease involving a malignancy (hema- 
Pri _ Honhematologic) or fibrosis. In addition to the 
due to hoe: Patients will show evidence of pancytopenia 
* abnormal overcrowding of the bone marrow space. 
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FIGURE 15-5 Peripheral blood smear from an individual with myeloph- 
thisic anemia. Note left-shifted granulocyte precursors (solid arrow). 
Teardrop-shaped red blood cells (open arrows) are indicative of marrow 
fibrosis in this type of leukoerythroblastic reaction. Nucleated red blood 
cell precursors were seen in other fields, 
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FIGURE 15-6 Peripheral blood smear from a neonate with leukoeryth- 
roblastosis caused by severe blood loss associated with birth (a reactive 
condition). (A) Left-shifted granulocyte precursors and (B) nucleated red 
blood cell precursors are seen. Although some (C) “burr cells are seen, no 
teardrop-shaped red blood cells are identified, 


Laboratory Evaluation 

Myelophthisic anemia is usually classified as normocytic, 
normochromic, and hypoproliferative. As stated earlier, many 
other processes can occur to change the severity or mor- 
phology of the anemia. However, the most important change 
seen in myelophthisic anemia is leukoerythroblastosis with 
teardrop-shaped RBCs, indicating bone marrow replacement 
and/or bone marrow fibrosis and a poor prognosis because of 
abnormal involvement of hematopoietic bone marrow. Any 
polychromasia seen in this type of anemia is due to “crowding 
out” of normal red blood cell precursors from the bone mar- 
row by tumor and not to the premature release or increased 
production of precursors from bone marrow, as would be 
seen in anemia with reticulocytosis; RBC morphology in 
myelophthisic anemia is outlined in Table 15—3. 
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TABLE 15-3 RBC Morphology in Myelophthisic Anemia 
Morphology 
Leukoerythroblastosis 


Teardrop RBC 


Pathophysiology 


Myelophthisis, marrow fibrosis 


Schistocytes* 


Helmet cells* 


Microangiopathic hemolytic anemia 


Burr cells* Microangiopathic hemolytic anemia 


Hypochromia Chronic blood loss, J Fe 


“Disseminated carcinomas; may be associated with disseminated intravascular 
coagulation. Fe = iron. 


This crowding results in immature leukocytes and RBCs in 
the peripheral blood. Extensive marrow invasion/involvement 
can lead to pancytopenia. Essentially, the bone marrow space 
loses both its hematopoietic cellularity and its proper micro- 
environment, resulting in a hypoproliferative anemia. 


Treatment 


In severe cases of bone marrow replacement, transfusions are 
needed to correct the patient’s anemia. Chemotherapy or radi- 
ation therapy protocols are often used to reduce the burden of 
malignancy involving the bone marrow while at the same time 
worsening anemia in the short term. Eradication of malignancy 
from the bone marrow offers the only chance for reconstitu- 
tion of the marrow by hematopoietic precursors and endoge- 
nous correction of the anemia. Additional treatment may also 
include the correction of nutritional deficiencies (folate, B,,), 
iron therapy, transfusion, and/or EPO-stimulating agents if 
indicated (palliative care or kidney disease).*° 


Anemia Associated With Viral Infections 


Anemia has been associated with many different viral infec- 
tions and often presents as normocytic, normochromic, 
hypoproliferative anemias. Parvovirus B19 has been shown 
to cause chronic anemia and pure red cell aplasia (see 
Chapter 13, Normocytic Normochromic Anemias). Epstein— 
Barr virus, the causative agent of infectious mononucleosis, 
has been associated with rare cases of hemolytic anemia. 
Hepatitis infections have been shown to contribute to the 
anemia of liver disease. While often present, the anemia is 
not typically a diagnostic feature of the viral infection. 


SARS-CoV-2 and COVID-19 

Etiology and Pathophysiology 

SARS-CoV-2 was first recognized in December of 2019. 
Although the terms are often used interchangeably, SARS- 
CoV-2 refers to a novel strain of coronavirus that causes the 
infectious disease known as COVID-1 9. 

Several mechanisms have been proposed for the effect of 
SARS-CoV-2 infection on hematopoiesis including inflam- 
mation, iron dysregulation, hemoglobin dysfunction, and 
direct infection of erythroid precursors."**” The pathophysi- 
ology of anemia in viral infections is outlined in Box 15—4. 

While anemia has not been a diagnostic criterion for 
COVID-19, a declining trend in hemoglobin can be seen in 


. 15-4 Pathophysiology of Anemia in Viral Infections 


SARS-CoV-2 and COVID-19 
+ Inflammation 
+ Cytokine Storm (IL1, 1L6, TNF ce, IFNy) | 
+ Inhibition of erythropoiesis 
+ Increased hepcidin production 
* Iron dysregulation 
+ Decreased serum iron 
+ Hyperferritinemia 
+ Hepcidin “mimicry” by SARS-CoV-2 
+ Hemoglobin dysfunction 
+ interaction of SARS-CoV-2 and the hemoglobin molecule 
* Direct infection of erythroid precursors 
+ inhibition of erythropoiesis 


HIV and AIDS 

Suppression of erythropoiesis caused by cytokines IL-1 and 
TNF-a 

Phagocytosis of erythroblastic cells by bone marrow | 
histiocytes | 
Antibodies to HIV, which circulate in bone marrow and 

destroy red cell precursors 

Production of complement protein, C3, and IgG, which form 
immune complexes on red cell membranes, causing hemolysis 
Infections of red cell precursors by parvovirus B19 and 
Mycobacterium, halting the maturation process in the bone 
marrow (aplastic anemia) 

+ Inhibitory serum protein, which results in a decrease in BFUE 
Defective EPO response to anemia | 
Treatment with AZT, which inhibits DNA synthesis of blood 

cells and results in a macrocytic anemia 


ill 


severe cases. This is most likely due to the long life span of 
the RBC and the time necessary to reflect a decrease in RBC 
production. Inflammatory cytokines (IL1, IL6, INF-y, and 
TNF-a) associated with the cytokine storm (typical of seve 
SARS-CoV-2 infections) have been shown to interfere W 
erythropoiesis.** Patients with more severe and prolong® 
cases of COVID-19 have hemoglobin levels that decreas 
more significantly compared with those who had milét 
cases.** 

Iron dysregulation has been seen in SARS-CoV-? ine 
tions, including decreased iron levels and increased ferrt® 
and hepcidin levels. Both ferritin and hepeidin are acute 
reactants that have been shown to increase in viral infecin® 
and play a role in cytokine storm formation.” Increased 
tin levels have been reported in patients with covip-! ’ a 
hyperferritinemia has been associated with worse outcome . 
Hepcidin is increased by the inflammatory effects of the a 
Kine storm (IL-6) as seen with ACI Additionally. > - 
CoV-2 is thought to mimic the function of hepeidin, a | 
the cellular storage of iron (hepatocytes, enterocyte jy 
rophages).*“! This iron dysregulation W ould ulti 
to iron-restricted erythropoiesis and anemia while DS 3” 
iron toxicity profile in the tissue due to hyperferrit® yt 
This increased tissue iron leads to ferroptos!s (iron ae 
oxidative stress induced apoptosis of the cell) ees ae 
cause of olfactory and gustatory dysfunc? ins 


AY 


remains unknown and may have many contributing factors, 
ferroptosis and decreased serum iron have been linked to 
cognitive disturbances, including the loss of taste (ageusia) 
and smell (anosmia) commonly associated as symptoms of 
COVID-19.***'? It has been postulated that hyperferritinemia 
is the link to severity of COVID and risk of mortality.?°4! 

Another potential mechanism of anemia in SARS-CoV-2 
infection is direct viral infection of the erythrocytes and pro- 
genitors. This would allow for both interaction with hemo- 
globin and direct inhibition of erythropoiesis. Entry of the 
virus through CD147 allows interaction of the viral ORF8 
protein with the porphyrin ring in hemoglobin (a potential 
mechanism previously described in studies with Plasmodium 
spp.) and has led to the consideration of a possible “acute 
acquired porphyria” in COVID-19.* Increased levels of lac- 
tate dehydrogenase (LDH) are seen in severe cases pointing 
to the possibility of increased hemolysis; however, LDH is 
also elevated with tissue damage, which could be a result of 
lung damage or inflammation seen in severe cases.34! The 
direct viral infection in erythrocyte precursors may also limit 
or inhibit erythropoiesis. 


Clinical Findings 

COVID-19 has been shown to have a full range of severity 
from asymptomatic, flu-like illness, pneumonia, acute respira- 
tory distress, and even multiorgan failure with viral sepsis.3*° 
Common early symptoms of SARS-CoV-2 infection include 
olfactory and gustatory dysfunction in up to 86% of those 
infected." Severity of disease is thought to be complicated 
by preexisting conditions such as diabetes and cardiovascular 
disease. Additionally, patients with preexisting conditions that 
have been linked to more severe cases of COVID may be ane- 
mic before infection. 


Laboratory Evaluation 

SARS-CoV-2 infections have presented with a variety of 
hematological abnormalities including lymphopenia, neu- 
trophilia, and thrombocytopenia.***! Hypercoagulability, 
increased D-dimer, and prolonged prothrombin time have also 
been observed in severe cases of COVID-19.***! Long-term 
Studies of the effect of infection on hematopoiesis have not 
been completed at this time. 

Children infected with SARS-CoV-2 typically have normal 
hemoglobin levels and fewer thrombotic complications even 
with severe infection. The exception to this is when the child 
Presents with multisystem inflammatory syndrome where 
anemia is a common feature along with lymphocytopenia, 
neutrophilia, thrombocytopenia, hyperferritinemia, and high 
levels of inflammation.“ 


HIV and AIDS 

Similar to the relationship of SARS-CoV-2 and COVID-19, 
human immunodeficiency virus (HIV) refers to a novel viral 
Strain that causes the infectious disease known as acquired 
'mmunodeficiency syndrome (AIDS). 

HIV infection is a devastating condition caused by direct 
destruction of CD4 T lymphocytes (helper-inducer cells) by 
HIV. By Teducing the CD4 T-cell count, HIV renders the host 
'mmunocompromised and susceptible to many opportunistic 
Pathogens. Most HIV-infected patients develop one or more 
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cytopenias during the course of the disease. Anemia devel- 
ops early and becomes more severe as the disease progresses. 
The anemia associated with HIV infection can be worsened 
by concurrent conditions, such as one or more opportunistic 
infections. Anemia is the most common cytopenia associated 
with HIV infection (in up to 70% of patients).“* Decreased 
production of RBCs can be attributed to several possible 
mechanisms including therapeutic interventions, inflamma- 
tion, bone marrow suppression from direct infection of eryth- 
rocyte precursors by HIV, and immune response to HIV.** 
For the most part, the anemia of HIV infection and AIDS is a 
subset of ACI. HIV/AIDS treatment protocols have also been 
associated with a side effect of anemia. 


Anemia of Prematurity 


Etiology and Pathophysiology 
Infants are typically born with HGB values of 17.0 g/dL or 
higher (reference range of 14.0 to 22.0g/dL). During the first 
month of life, all infants experience a decrease in their circu- 
lating RBC mass. The concentration of HGB declines rapidly 
to the lowest value, approaching 9.0 g/dL within the first 
2 months,**** This decline in red blood cell mass is due to 
many factors, including the lack of production of EPO, 
decreased life span of the newborn’s RBCs, hemoglobin 
switch from HgbF to HgbA, and availability of iron.4” 
Newborns have been shown to have a decline in erythro- 
poiesis and little detectable EPO in the first few months of 
life as the site of production of EPO switches from the liver 
to the kidney.***” This switch is not complete until about | to 
2 months after birth. Newborns “tolerate” hypoxia and have 
an inadequate compensatory response (such as hyperventi- 
lation and increased EPO production). There is also a sex- 
dependent response in EPO production as it is regulated by the 
sex hormones: testosterone (increases production) and estra- 
diol (decreases production). Interestingly, female newborns 
tolerate the anemia better than male newborns.” The central 
nervous system has been shown to produce and use EPO to 
modulate the response to hypoxia, and these mechanisms 
are not fully developed at birth adding to the “tolerance” of 
hypoxia.” Lungs become the source of oxygen rather than 
the placenta, increasing the arterial oxygen saturation. Addi- 
tionally, HgbF has a higher oxygen affinity than HgbA (see 
Chapter 2, The Red Blood Cell). As more HgbA is produced 
(and 2,3 diphosphoglycerate), there is a shift to the right on 
the oxygenation dissociation curve, increasing the delivery of 
oxygen to the tissues that would ultimately decrease the pro- 
duction of EPO as tissue oxygenation is improved after birth. 
The EPO production increases as the HGB reaches the nadir 
value of 9.0 g/dL, and therefore erythropoiesis increases. 
Varying levels of anemia are due to the many physiolog- 
ical factors that are present during the first 1 to 2 months of 
life (Box 15-5). The anemia is usually well tolerated in full- 
term (39 weeks) infants. In the past, this “physiological” state 
was termed anemia of infancy, but the term is no longer 
recognized because it occurs in the absence of any recognized 
nutritional deficiency and is characteristic of even the healthi- 
est of infants, Screening for anemia in infants is recommended 
at 1 year of age by the American Academy of Pediatries and 
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Contributing Factors in the Anemia 


of Prematurity 


* Rapid growth 

* EPO production by the neonatal liver (switch to kidney ~1 
to 2 months) 

* Increased rate of clearance of EPO from neonatal plasma 

+ Increased plasma volume/increased volume of distribution 

of EPO 

Short half-life of neonatal red blood cells 

* Hemoglobin switch from HgbF to HgbA (oxygen dissociation 

curve) 

Nutritional deficiencies 

Chronic blood loss or”Lab draw” anemia (usually seen in 


hospitalized premature neonates) 
nD 


the World Health Organization, although selective screening 
in infants with additional risk factors (low birth weight, feed- 
ing issues, poor growth) or hereditary risks should also be per- 
formed, as infants with mild anemia may not be symptomatic.” 

The anemia of prematurity involves the same alterations 
in the production, plasma distribution, and clearance of 
EPO. Unlike full-term neonates, preterm infants demon- 
strate earlier and more severe declines in HGB values despite 
increased reticulocytes.“**” An additional complication of pre- 
maturity is an immature respiratory system that exacerbates 
the hypoxia. While the mainstay of the anemia in prematurity 
is the lack of EPO production, iatrogenic blood loss plays a 
significant role in the decrease in hemoglobin seen in prema- 
ture infants under critical intensive care. To reduce the effect 
of iatrogenic blood loss, lab utilization measures can be taken 
to minimize the amount of blood drawn, including assessing 
the timing and clinical necessity for testing, using pediatric 
phlebotomy tubes to reduce total volume, and utilizing point 
of care testing methodologies that require less blood per test. 


SUMMARY CHART 


e Anemias produced by systemic diseases are perhaps the 
most common hematologic abnormalities encountered in 
the clinical laboratory; these are generally hypoprolifera- 
tive anemias characterized by decreased or normal reticu- 
locyte counts (inappropriately normal reticulocyte count). 

¢ Chronic kidney disease (CKD) may be associated 
with anemia, abnormal platelet and white blood cell 
function, and coagulopathy. 

¢ The major causes for the anemia of CKD are 
(1) decreased production of EPO by damaged kidneys, 
(2) suppression of erythropoiesis by the uremic toxins 
that accumulate in renal failure, and (3) slightly to mod- 
erately decreased RBC life span. Other causes of anemia 
may complicate the anemia of CKD, 


e The anemia of CKD is hypoproliferative (normal to 


decreased reticulocyte count); it is normocytic and 
normochromic with the presence of burr cells, 


Clinical Findings 
Patients present with various symptoms depending on the 
severity of anemia. Patients suffering from hypoxia can pres. 
ent with pale color, tachycardia (a rapid heartbeat), tachy. 
pnea (rapid breathing rate), apnea (interruption of breathing 
or irregularity of respiration), and bradycardia (slower than 
normal heart rate). 


Laboratory Evaluation 

The physiological anemia of infancy causes a decrease in RBC 
mass leading to a mild, normocytic, normochromic anemia 
with reticulocytopenia that corrects as the production of EPO 
increases. Other cell lines such as platelets and WBCs are not 
affected. In premature infants, this physiological anemia is 
exaggerated by an immature respiratory system and iatrogenic 
blood loss associated with frequent phlebotomy necessary for 
testing to support critical intensive care. The longer the stay 
and more critical the illness, the more prominent this blood 
loss becomes. 


Treatment 

Treatment of choice for low HGB values in children is nutn- 
tional supplementation, particularly iron and B, /folate. If ane- 
mia causes symptoms such as hypoxia, packed RBC units are 
the product of choice for transfusion. However, in the absence 
of symptoms, no treatment is required for this physiological 
anemia of infancy as it usually corrects on its own. Tron and 
vitamin supplementation are often recommended. Where ' 
physiological anemia of infancy is well tolerated and rarely 
requires treatment, anemia associated with prematurity is not | 
well tolerated and may require transfusion support. In addi 
tion to iron and vitamin supplementation, EPO-stimulating 
agents may be warranted depending on the symptomology. 
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© Chronic liver disease may show RBC morphology 
that includes macrocytosis, target cells, acanthocy'® 
and thrombocytopenia if hypersplenism is presents 
a microcytic, hypochromic anemia is evident in the 
presence of chronic blood loss with iron deficiency 
* The bone marrow in chronic liver disease shows at 
mocytic to macrocytic maturation In RBC precus | 
RBCs have decreased survival because of incr 
membrane lipids and lack of de formability (¢-8* 
acanthocytes or “spur cell” anemia). 


¢ Anemia caused by chronic liver disease M4 
involve alcoholism, which is the result of ethan 
toxicity to precursor cells in the bone marrow: of 
bone marrow shows macrocytosis, vacuolization 
erythroblasts, and abnormal hemoglobinizatio® 0 
erythroid series precursors. The peripheral bl 
shows macrocytosis and may show spur cells 


y also 
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sUMMARY CHART—cont'd 


A dimorphic blood picture may be seen in patients with ¢ Viral infections have been associated with anemia. 


° 
anemia of chronic liver disease caused by alcoholism Patients infected with SARS-CoV-2 may be anemic 
because of iron deficiency caused by chronic blood due to preexisting conditions, iron dysregulation 
loss; the MCV is normal and the RDW increased, (decreased serum iron, increased hepcidin, hyperferrit- 


inemia), increased inflammation (cytokine storm), 


Anemia associated with endocrine disease is usually 
hemoglobin dysfunction, and direct infection of 


normocytic and normochromic, and may be caused by 


diabetes, pituitary dysfunction, adrenal insufficiency, erythroid precursors. 
Addison disease, thyroid disease, hyperparathyroidism, | ¢ Anemia associated with HIV and AIDS may be due 
hypogonadism, or a combination of endocrinopathies, to inflammation, decreased erythropoiesis, increased 


erythrophagocytosis, immune response to HIV, and 
side effects of treatment protocols. 

Anemia in infancy is physiological and due to decreased 
levels of EPO (to the switch from liver to renal EPO 


e Myelophthisic anemia is dependent on the type of 
infiltration, the patient’s therapy, and the extent of bone 
marrow involvement. . 

e Myelophthisis refers to infiltration of the bone marrow : 
by a malignant tumor; the most characteristic periph- production), decreased RBC life span, hemoglobin 
eral blood morphology associated with myelophthisis switch from HgbF to HgbA, and iron availability. 
is leukoerythroblastosis (the presence of immature e Anemia of prematurity is seen in premature infants and 
myeloid precursors and nucleated RBCs) with increased by iatrogenic blood loss anemia associated 
teardrop-shaped red cells (dacryocytes). with the intensive care. 


CASE STUDY 15-1 


A 22-year-old woman was admitted from the emergency (PT is prothrombin time; APTT is activated partial 
department with fever, dysuria, and lower back pain. Imme- thromboplastin time; PFA is platelet function assay) 


diate laboratory results revealed the following: This patient was suffering from renal failure and a urinary 
tract infection (UTI). The admitting CBC demonstrated a 
Urinalysis cBC moderate anemia with some burr cells typical of renal disease. 
Urine reagent strip: WBC: 11.8 X 10°/L The anemia could be the product of several mechanisms. It | 
4+ urine protein RBC: 2.9 X 10”/L was most likely a result of the anemia of chronic kidney dis- | 
1+ hemoglobin Hgb: 8.3 g/dl ease. This may have been complicated by blood loss due to | 
Urine microscopic: Het: 25% abnormal platelet function related to her renal failure. | 
Many bacteria MCV: 88 fL 
Moderate blood MCH; 29 pg QUESTIONS 
Moderate leukocytes MCHC: 32% 1, Classify the anemia with regard to RBC indices. 
Casts; few hyaline and few RDW: 14,7% Platelets 315 X 10°/L 2. List the laboratory parameters given in this case that 
Granular coincide with anemia of chronic kidney disease. 
Blood Chemistry 1+ anisocytosis 3, Why would chronic iron loss be a concern in this patient? 
BUN 113 mg/dL 1+ poikilocytosis 
Creatinine 7.7 mg/dL 1+ burr cells ANSWERS : 
1, Normocytic, Normochromic 
Biden ; Sait eihdieed 2. In the blood chemistry, the tests of kidney function: 
ony cultures were drawn and pie ae nf a i he Blood urea nitrogen (BUN) and C reatinine are both 
pS agen of poagulase-negetive ‘ re “3 ee elevated; casts in the urinalysis indicate kidney damage/ 
> 100000 al 4 skin contaminants). Uri ee cu ae -) disease; burr cells on peripheral smear correlate with 
Antibioti colony-forming units per mi : “ee i hig 3 kidney disease and uremia (raised level of urea and 
the sae enoent was begun. Blood was sb “ fag ten nitrogen waste in the blood). 
intraveno, Surine after 2 days, and bleeding ‘eas me 2: es a Bleeding due to abnormal platelet function (note of the 
fn ae infusion sites. Coagulation tests ware é e . bleeding from IV sites and blood in urine) or loss of 
These ~~ patient was to have a kidney biopsy performed. blood during dialysis can lead to chronie iron loss for 
lowed; patients with CKD. Decreased levels of EPO can also 
Platelet Count: 296 x 10°/L decrease intestinal absorption of iron through upregula- 
‘11.7 seconds (normal range: 10.0-12.9 seconds) tion of hepcidin (see Chapter 7). Treatment for anemia 
of CKD would be to give EPO, but that is only effec- 


APTT: 32 seconds (normal range: 23-35 seconds) ee: pale 
PFA: Prolonged with EPI and ADP cartridges tive if sufficient iron stores are present. 7 


—e 
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A 55-year-old man with a self-reported history of drinking 5 
to 6 alcoholic beverages a day for several decades presents 
for an annual exam. He was noted to have a distended abdo- 
men, yellow-tinged sclera, and slightly slurred speech. His 
laboratory testing revealed increased liver enzymes levels 
(alanine transaminase-ALT, aspartate transaminase-AST) 
and an elevated total bilirubin. 


WBC; 10.0 X 10°/L 
RBC; 3.1 X 10?/L 
Hgb: 9.8 g/dL 

Het: 32% 

MCV: 100 fL 

MCH: 32 pg 

MCHC: 31% 

RDW: 15.5% 
Platelets: 100 X 10°/L 
1 + anisocytosis 

2 + poikilocytosis 

1 + target cells 

1 + acanthocytes (spur cells) 


REVIEW QUESTIONS 


1. What is the primary cause of anemia associated with 
renal disorders and renal failure? 
a. Blood loss from dialysis 
b. Decreased EPO production 
c. Hemolytic processes 
d. Vitamin B,, and folate deficiencies 


2. Patients with anemia of chronic renal disease are 
usually treated with: 
a. Chemotherapy 
b. Radiation 
c. EPO 
d, Vitamin B,, 


3, What is a typical appearance of anemia associated with 

liver disease? 

a. Hyperchromic with spherocytic red blood cell 
morphology 

b. Hypochromic, microcytic red blood cell morphology 

c. Macrocytic, megaloblastic red blood cell 
morphology 

d. Macrocytic, normoblastic red blood cell 
morphology 


4. Macrocytosis in liver disease is caused by all of the 
following except: 
a. Abnormal lipid metabolism 
b. Direct effects of alcohol 
c. Iron deficiency 
d. Vitamin B,, and folate deficiency 


QUESTIONS 

1, What would be the most likely cause of this patient’, 
anemia? 

2. What would you expect the hemostasis testing results 
to reveal? 

3, How are the poikilocytes formed in this condition? 


ANSWERS 

1. Chronic liver disease caused by excessive alcohol 
consumption 

2. Hemostasis testing (PT — prothrombin time & APTT- 
activated partial thromboplastin time) is prolonged in 
patients with liver disease due to the decreased produc. 
tion of coagulation factors, particularly the vitamin K 
dependent factors: II, VII, LX, X. 

3. Abnormal lipid metabolism in patients with liver 
disease causes increased lipid in the RBC membrane 
leading to macrocytes, acanthocytes, and target cell 
formation. 


5. Alcoholics are at increased risk of acquiring which 
disorder? 
a. Sideroblastic anemia 
b. Anemia of chronic kidney disease 
c. Anemia of infection 
d. Anemia of endocrine dysfunction 


6. What are the typical hematologic findings associated 
with anemia from endocrine dysfunction? 
a. Anemia, abnormal platelets, and coagulopathy 
b, Marked anisocytosis and poikilocytosis, and 
dysfunctional leukocytes 
c. Mild normocytic, normochromic anemia 
d, Target cells, macrocytes, and acanthocytes 


7. Leukoerythroblastosis with teat drop-shaped red blood 
cells is indicative of: 
a, Abnormal lipid metabolism 
b. Bone marrow fibrosis 
c, Bone marrow stress 
d. Renal disease 


8. The anemia of prematurity is a subset of anemiae 
infancy that is: 
a. Not enhanced by an immature ! 
b. Often complicated by blood loss/freque" 


drawing | 
ing | 


; system 
espiratory sy st 
t bloc 


¢. Unnecessary to treat as it is self-resoly 
d. Well tolerated 


See answers at the back of this hook 
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CHAPTER OUTLINE 


ils Monocytes Summary Chart 
Neutrophil Function Lymphocytes Case Study 16-1 
Disorders of Neutrophils Absolute Lymphocytosis: Reactive Case Study 1 6-2 
Eosinophils versus Malignant Causes Review Questions 
Basophils Lymphocytopenia 


LEARNING OBJECTIVES 
At the end of this chapter, the learner should be able to: 


16-1 Characterize the changes in neutrophil count and 
morphology that develop in response to bacterial 
infection. 

Define the three modes of neutrophilic migration. 
Describe the changes in migration pattern and 
appearance that occur in a neutrophil as the result 
of chemoattractant stimulation. 

Explain the contents and functions of primary, 
Secondary, and tertiary neutrophilic granules. 
Contrast oxygen-dependent and independent 
Phagocytosis. 

Define absolute and relative leukocytosis and leukopenia. 


Appraise the etiology and classic clinical features of 
Chédiak-Higashi syndrome, May Hegglin anomaly, 
i Reilly anomaly, and Pelger-Huét anomaly includ- 
Ng the associated changes in neutrophil morphology. 


16-2 
16-3 


16-4 
16-5 


166 
16-7 


Tin cit focuses on the function of white blood cells, 
Franulocytes 8. Leukocytes can be divided into two groups: 
tion and lymphocytes (see Chapter | for matura- 
‘ Granulocytes generate from the myeloid stem 

» ©0sinop aided into four subsets of cells: neutro- 
rentiateg Monocytes, and basophils. These cells 
leetron Micro. ased on cellular morphology (by light 
ton, ments ofc Scopy) and on the staining characteristics 
8 lymphoiq Pr asmic granules. Lymphocytes generate 
Stem cell that have distinctive cellular mor- 

© to benefit the body with the production of 


16-8 Compare and contrast changes in morphology 
related to white blood cell anomalies. 
16-9 List several disorders that present with lymphocytosis. 
16-10 Differentiate morphological features of 
infectious mononucleosis and other reactive 
lymphocytoses. 
16-11 List clinical features of infectious mononucleosis. 
16-12 Evaluate how the Epstein-Barr virus affects the 
B- and T-lymphocyte populations. 
16-13 Utilize laboratory results for distinguishing infectious 
mononucleosis from other lymphocytoses. 
16-14 Analyze the molecular basis for the inherited white 


blood cell disorders. 


As you will leam in this chapter, leukocytes play an important 
role in the body’s immune response, and disorders influencing 
these cells can have a significant effect on the health of patients, 


Neutrophils 

Neutrophils are the most numerous leukocytes found in the 
peripheral blood, accounting for 50% to 70% of all circulating 
white blood cells (WBCs) in the adult. Similar to monocytes 
neutrophils function as phagocytes that are capable of we 
boid movement into the tissues to engulf and destroy bacter 


or fungi; they are the first phagocytic cells to mobilize &) a <i). 


3 
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of infection. Neutrophils also play a role in mediating inflam- 
matory processes. 

Mature neutrophils (also called segmented neutrophils 
or polymorphonuclear leukocytes) are easily recognized on 
Wright’s-stained peripheral blood smears by their dense mul- 
tilobed nucleus and pinkish-tan cytoplasm, evenly dispersed 
with pinkish-purple granules. Three major types of cytoplasmic 
granules are present in the mature neutrophil. Primary (azuro- 
philic or nonspecific) and secondary (specific) are visible with 
light microscopy. A third type of granule (tertiary) has been 
identified using electron microscopy. Cytoplasmic granules are 
present at various stages of development and contain enzymes, 
most of which are involved in the killing and digestion of bacte- 
ria and fungi (Box 16-1). The cytoplasm of mature neutrophils 
also contains ficolin-1 rich granules and secretory vesicles.' 

Mature neutrophils are smaller than myeloid precursors and 
thus are more mobile and deformable. After exiting the prolifer- 
ative pool of the marrow and entering the bloodstream, mature 
neutrophils divide equally into marginating and circulating 
pools, between which there is a constant exchange of cells. The 
marginating pool, not measured by peripheral blood sampling, 
consists of cells adhering to vessel endothelium within the vas- 
cular spaces. Marginating cells can either return the circulating 
pool in response to epinephrine or enter the tissues by diapedesis 
in response to inflammation or injury. Diapedesis is a unidirec- 
tional process and mediated by selectins, chemokines, and inte- 
grins2* Neutrophils in the circulating pool leave the blood by 
random migration after a half-life of approximately 7 hours and 
do not return to the bloodstream from tissues. Little is known 


1 Contents of Neutrophil Granules 


Primary/Nonspecific or Azurophilic Granules 

+ Myeloperoxidase 

- Lysozyme 

* a-Defensin 

+ Bactericidal/permeability increasing protein 

+ Serine Proteases (Proteinase 3, Cathepsin G, Elastase, 
Azurocidin, Neutrophil serine protease 4) 

+ Acid hydrolases (Cathepsin B/G/D, B-Glucuronidase, 
B-Glycerophosphatase, a-Mannosidase) 


Secondary/Specific Granules 
* Lactoferrin 

+ Lysozyme 

+ Gelatinase 

* Collagenase 

» Histaminase 


« Heparinase 
Neutrophil Gelatinase associated lipocalin (NGAL) 


+ Signal regulatory protein alpha (SIRP-a) 
+» Transcobalamin | and Ill 
+ Plasminogen activator 


Tertiary Granules 

«= Gelatinase 

» Lysozyme 

+ Alkaline phosphatase 


are destroyed by other phagocytic cells of the reticuloendothej 
system or marrow.‘ The bone marrow replaces the neutrophil 
that have exited the bloodstream with cells from the bone mat. 
row storage pool. The daily production of neutrophils is approx. 
imately 1 X 10'/L in adults, with 20% remaining in circulation, 


of the kinetics of neutrophils after having entered the fi 
they are believed to remain in tissues for several days a 
if not used in an inflammatory process, they die by apopt 


here, 
Sis Or 


Variations in the number and morphology of leukocytes jn 


the bloodstream and bone marrow have long been used as clip. 
ical guides for the diagnosis of many diseases. These variations 
reflect the response of normal leukocytes to an underlying dis 
ease or indicate a primary disorder intrinsic to leukocytes, such 


as leukemia. A thorough knowledge of established reference va. 
ues and morphological characteristics of all cellular elements s 
important for recognizing and interpreting unexpected findings 


CRITICAL THINKING QUESTION 

16-1 Ifachild is crying while their blood is drawn fora CBC, 
why will the WBC result be high? 

See answers to all Critical Thinking Questions at the back 

of this book. 


Neutrophil Function 

Subpopulations of neutrophils with improved immune r= 
ulation, enhanced tumor killing, and tissue repair have beet 
recently identified; however, the origin and development of 
these specialized phenotypes is still unknown.** Despite 
apparent heterogeneity in this cell population, the main func 
tion of the neutrophil is the internalization of microorganism 
for destruction, a process referred to as phagocytosis: Oe 
bacteria infiltrate the tissues, neutrophils are stimulated 
immediate action. For the purposes of discussion, phagot | 
sis is described as occurring in three distinct phases: migat® 
and diapedesis; opsonization and recognition; and ingest® 
killing, and digestion (Fig. 16-1). 


,Endothelial 
/ calls ; 
{ Blood vessel ie) 
~\ with PMN 


i. Chemota 
aa eee 
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cells 
PMN > 
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FIGURE 16-1 Illustration of the phases of neutrophilic ane ne? 
which include activation, diapedesis, chemotaxis Ce ri FO 
killing, and digestion, PMN = polymorphonuclea! neutroP P neu 


ma 


Abramson JS, Wheeler JG. The Natural immune Syst missio™ 
T 


Oxford: Oxford University Press; 1993, p 110, with pet 


Migration and Diapedesis 

Neutrophils in the marginating pool roll along vessel endothe- 
lium inarandom and nondirectional pattern called locomotion, 
until a site of injury or infection is encountered. Bacteria and 
sites of inflammation in the host send out signals in the form 
of chemoattractants (Table 16-1), which stimulate changes 
in morphology and migration pattern.24 The chemoattrac- 
tant forms a concentration gradient, whereby the neutrophil 
migrates toward the area of highest concentration. A reengi- 
neering of the plasma cell membrane occurs that transforms 
the neutrophilic shape from smooth and round to ruffled and 
flat, with pseudopods and a tail (Fig. 16-2), Under the stimu- 
jus of chemoattractants, the activated neutrophil migrates in a 
repetitive, wavelike motion, crawling along the endothelium 
toward the site of infection. The process of directional migra- 
tion under the guidance of chemoattractants is known as che- 
motaxis. The neutrophil adheres to endothelial receptors and, 
by diapedesis, penetrates through narrow junctions between 
endothelial cells into the tissues. In diapedesis, the neutrophil 
is briefly retained by the vascular basement membrane but 
then enters the tissues by passing through small openings in 
this membrane. Chemoattractants further accelerate the rate of 
neutrophil migration by a process known as chemokinesis.’ 
With neutrophils being the first phagocytes to migrate to the 
site of infection, the lag time between microorganism inva- 
sion and timely neutrophilic migration is crucial for limiting 
the spread of (or even preventing) infection. All three modes 
of neutrophilic migration contribute to the efficient mobiliza- 
tion of neutrophils to the site of injury (Table 16-2). 


Recognition and Opsonization 
Neutrophils have membrane receptors that aid in the direct or 
indirect recognition and attachment to pathogens.* Circulating 


TABLE 16-1 Chemical Factors That Signal 
Neutrophil Activation 


Nformyl oligopeptides ~ Bacteria _ 
(5a, C3b, and C3bi factors: _ Complement 
[Imterleukin8 ——=~=S*S*S*«Monocytec=SC 
Leukotriene B, ‘ Membrane phospholipid 


Platelet-activating factor Endothelium 


Round cell 


Elongated cell 


FIGURE 16. 
"ound to ru 
¥ chemoa; 


2 The shape change of the neutrophil, from smooth and 
ffled and flat with pseudopods, is a result of stimulation 
ttractants. (Adapted from Kaplan S, Brams CA. Testing for 
uNction. Advance. 1995; 7[1]:8, with permission.) 
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TABLE 16-2 Three Modes of Neutrophil Migration 


Mode of Migration ee ee Characteristics 
Nondirectional 


Locomotion (random) 


Chemokinesis 


Nondirectional acceleration 
of migration speed 


Chemotaxis Directional 


immunoglobulin and activated complement components act 
as opsonins, coating the surface of the bacteria and permitting 
recognition and ingestion by the neutrophil. Membrane-bound 
immunoglobulin is necessary for optimal phagocytosis. The 
plasma membrane of the neutrophil carries receptors for the 
FC fragment of immunoglobulin G (IgG) molecules and acti- 
vated complement. Proteins that most effectively mark bacte- 
ria for recognition and attachment are IgG1, IgG3, C3b, and 
C3bi.? Nonopsonic pattern recognition receptors directly rec- 
ognize pathogen-associated molecular patterns on the surface 
of microorganisms.** 


Intracellular Killing: Phagocytosis 

The ingestion of the opsonized microbe begins as soon as 
the membrane surface receptor of the neutrophil and microbe 
bind together. Membrane pseudopods extend around and 
envelop the microbe, forming an isolated vacuole within 
the neutrophil cytoplasm known as a phagosome. Simul- 
taneously, cytoplasmic granules and lysosomes migrate to 
and fuse with the membrane of the phagosome, forming a 
phagolysosome (Fig. 16-3). Once fusion is complete, the 
cytoplasmic granules undergo degranulation, whereby their 
contents are released into the phagolysosome. Studies sug- 
gest an orderly sequence of events for phagolysosome for- 
mation, with the release of lysosomes preceding the stepwise 
degranulation of tertiary, secondary, and finally primary gran- 
ules. The ingested organism is exposed to the lytic activity of 


FIGURE 16-3 Electron microscopy of phagolysosome formation. 

(A) Staphylococci lie within phagocytic vesicles limited by sacs formed 
from inverted pieces of the neutrophil membrane. Cytoplasmic granules 
are approaching the phagocytic vesicles. (B) Higher magnification shows 
degranulation with the discharge of granule contents into the vicinity of 
the staphylococcus. 
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granular enzymes within the phagolysosome, which leads to 
eventual killing and digestion. ! 

Microorganism destruction (killing) is accomplished by 
oxygen-dependent and nonoxygen-dependent mechanisms. 
The nonoxygen-dependent mode of killing the internalized 
particle is represented by an alteration in pH and the release 
of the lysosomal and proteolytic enzymes into the phagoly- 
sosome.'” The lytic enzymes possess bactericidal activity 
that cleaves segments of the bacterial cell wall. Alternatively, 
oxygen-dependent killing involves the release of nicotinamide 
adenine dinucleotide phosphatase (NADPH) oxidase, which 
mediates the production of the active oxygen metabolites 
Superoxide and hydrogen peroxide during a process known 
as the respiratory burst.* These active oxygen metabolites are 
capable of microorganism injury. To enhance the antibacterial 
activity further, superoxide and hydrogen peroxide react with 
other preformed products present in primary, secondary, and 
tertiary neutrophilic granules that fuse with the phagolyso- 
some to produce highly toxic agents such as reactive oxygen 
species and hypochlorous acid.!° 


Extracellular Killing 

Neutrophils also mediate the extracellular killing of patho- 
genic microorganisms through the formation of neutrophil 
extracellular traps. In response to inflammatory cytokines or 
direct recognition of pathogen associated molecular patterns, 
neutrophils form extracellular antimicrobial webs, or “traps,” 
from cytosolic granules and nuclear chromatin.''! While pro- 
ductive to combat infection, upregulated release of neutrophil 
extracellular traps can also contribute to pathogenesis from 
autoimmunity and inflammation.’ 


Disorders of Neutrophils 

Disorders of the neutrophilic cell line may predispose an 
individual to recurrent bacterial infections that are resistant 
to treatment. Neutrophilic disorders are classified as quantita- 
tive and qualitative, reflecting changes in neutrophil number 
and function, respectively. Quantitative disorders constitute 
a significant change in the absolute neutrophil number and 
are referred to as neutropenia (decreased) or neutrophilia 
(increased). Neutropenia limits the potential for effective 
defense against microbial invasion, increasing the risk of bac- 
terial and fungal infection, with the level of risk proportional 
to the cause and duration of decrease.'*'* Alternatively, qual- 
itative disorders are marked by neutrophil dysfunction as a 
result of impaired migration or altered bactericidal activity. 
Generally, any combination of deficiency or dysfunction in 
activation, migration, and diapedesis toward a pathogen or the 
recognition, ingestion, and killing of an opsonized particle can 
modify neutrophil function.*'* Cytoplasmic or nuclear abnor- 
malities also exist that affect the appearance of the cell but do 
not affect function. 


Quantitative Disorders 
Neutrophilia The classic response to infectious and inflam- 
matory processes is an increase in the absolute or relative 
number of neutrophils, termed neutrophilia. In adults, neu- 
trophilia is defined by absolute neutrophil values that exceed 
7.7 * 10°/L."* Absolute counts are obtained by multiplying the 


-_ 


total WBC count by the percentage of Neutroph 
seen in the differential cell count. A low neutrophij 

not the sole indicator of disease and should be correlates 
patient history as well as clinical and laboratory findin Wg 
normal level of circulating neutrophils varies with sn 
race, and refers to mature segmented/polymo 
band forms, only. 

An increase of neutrophils in response to inflammay; 
stress is called a leukemoid reaction. The accelerated ig 
of neutrophils from the bone marrow reserve can be tm 
panied by a “shift to the left” that is defined as an ine, 
number of metamyelocytes and band forms in the Circulay 
pool.'7 An increase in circulating neutrophils and imma, 
rity is similarly observed in the early stages of neoplase 
conditions, such as chronic myeloid leukemia (CML) aj 
other chronic myeloproliferative disorders (see Chapter {jj 
The major distinction is that the myeloid precursors Telease} 
during a leukemoid reaction, or infectious response, are my. 
limited to the metamyelocyte and band stages; whereas » 
neoplastic processes, earlier precursor cells such as myelp 
cytes, promyelocytes, and blasts are also present. Furthe 
a marked increase in total leukocyte values, defined » 
leukocytosis (total leukocyte counts exceeding >50 x ("'l) 
or hyperleukocytosis (counts exceeding >100 x 10L)x 
more often present in malignant conditions, while reactive 
causes of leukocytosis do not typically exceed this value” 
Box 16-2 lists the causes of reactive leukocytosis and neu 
philia. Leukocyte alkaline phosphatase (LAP) cytochemit 
staining is one way to differentiate neutrophilic respons® 
infection (leukemoid reaction) from chronic myeloid leu 
mia, where the LAP is increased in leukemoid reaction a 


| 


TPhonucleas 


X 16-2 Causes of Secondaty Reactive Neutrophilia 
(Absolute Count > 6,000/mmvene.0 X 10°/L) 


* Infections 
* Bacterial (most common) 
* Toxoplasma, mycobacterium), leptospiral, and viral 
(less common) 
* Inflammatory Disorders 
* Tissue Necrosis 
* Burns 
* Trauma 
* Infarct 
* Acute gout 
* Metabolic 
* Uremia 
* Ketoacidosis 
* Eclampsia 
* Other Causes Unrelated to Infection or inflammato”? 
Process 
* Stress 
* Rigorous exercise 
* Smoking 
* Pregnancy 
* Trauma 


* Acute hemorrhage or hemolysis 
. Postsplenectomy en 


Pr 


~~ 


decreased in CML. In contrast to malignant causes, persistent 
idiopathic neutrophilia is a telatively common finding in 
adult patients and must be differentiated from chronic neu- 
trophilic leukemia'® (see Chapter 18). 

The kinetics of circulating neutrophils varies greatly 
depending on the type, duration, and intensity of the infection. 
The immediate response to infection is transient neutropenia, 
resulting from increased margination and accelerated delivery 
of neutrophils to the infected site. Within an hour, neutrophils 
are released from the bone marrow reserve into the blood- 
stream.! In the early phases of infection, the circulating half- 
life of neutrophils is shortened, metabolic changes occur in 
the microenvironment, and cell turnover is accelerated. Later, 
the circulating half-life returns to normal. 

In addition to changes in neutrophil number, reactive 
changes in neutrophilic morphology may be observed in leu- 
kemoid reaction. Leukemoid reaction is characterized by the 
presence of toxic granulation, Déhle bodies, and cytoplasmic 
vacuolization in the neutrophils (Figs. 16-4, 16-5, and 16-6). 
Toxic granulation is frequently associated with severe infec- 
tion in which the cytoplasmic granules enlarge and take on 
darker staining properties than normal. The toxic granules 
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FIGURE 16-4 Toxic granulation (peripheral blood). Note the prominent 
dark-staining granules, 


FIGURE 
Petiphe 165 Dohie bodies (arrows). Note the large bluish bodies in the 


"ofthe Cytoplasm. 
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FIGURE 16-6 Vacuolated neutrophils suggesting the presence of infection 
or a severe inflammation. 


have been identified as peroxidase-positive primary granules. 
Toxic granulation may also be accompanied by the presence 
of Déhle bodies, pale blue inclusions at the periphery of the 
cytoplasm composed of aggregated strands of rough endo- 
plasmic reticulum. Déhle bodies are similar in appearance to 
the inclusions found in the May—Hegglin anomaly (a hered- 
itary leukocyte and platelet disorder, discussed later in this 
chapter). Lastly, in response to infection, the cytoplasm may 
become vacuolated and, occasionally, contain ingested micro- 
organisms. All three of these morphological features are com- 
monly observed, with toxic granulation being reported as the 
most common morphological change in response to bacterial 
infection, followed by Déhle bodies and cytoplasmic vacu- 
olization.'*"° The presence of one or more of these reactive 
changes, in addition to other inflammatory markers, strongly 
suggests a progression toward sepsis. The characteristics of 
leukemoid reaction are listed in Box 16-3. Although viewed 
to be a clinically sensitive tool for predicting severe infec- 
tion, these reactive changes have also been observed during 
uncomplicated pregnancy, massive trauma, inflammatory pro- 
cesses, drug reactions, and other toxic states."* The function 
of circulating neutrophils may also be affected by infection. 
Both enhanced and impaired functions have been reported; 
however, it is generally accepted that mild infections enhance 
function, whereas severe infections impair function of neutro- 
phil subsets.’ 


BOX 16-3 Characteristics of Leukemoid Reaction 


* Toxic granulation of neutrophil 

+ Vacuolization of neutrophil 

* Dédhle bodies in the cytoplasm of neutrophils 

+ “Shift to the left” increase in bands and metamyelocytes 

most often 

Leukocytosis usually greater than 30,000/mm# (>30 X 10°/L); 
may be higher in young children; may be greater than 
50,000/mm* (50 X 10°/L) in patients receiving Colony-stimulating 
factor therapy 
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Neutropenia Neutropenia is defined as an absolute decrease 
in the number of circulating neutrophils. The patient’s age 
and race must both be considered in diagnosing neutrope- 
nia. Newborns and infants have a higher absolute neutrophil 
count; therefore, neutropenia is defined as an absolute count 
of less than 2,500/mm! or 2.5 X 10°/L. In addition, approx- 
imately 25% of individuals with African or Middle Eastern 
ancestry demonstrate benign ethnic neutropenia, with abso- 
lute neutrophil counts of 1.0 to 1.5 X 10%/L.2° True neutro- 
penia can range from mild, with absolute counts from 1.0 to 
1.5 X 10°/L; to moderate, with counts from 0.5 to 1.0 X 10%/L; 
to severe, with counts less than 0.5 X 10°/L?° (Table 16-3). 
Recurrent bacterial infections are the hallmark of persistent 
neutropenia, with the clinical severity reflected by the abso- 
lute neutrophil count as well as the frequency and duration 
of neutropenic episodes. Severe neutropenia is clinically sig- 
nificant, with risk of opportunistic, life-threatening infections 
when absolute neutrophil counts fall below 0.2 X 10°/L, a state 
termed agranulocytosis.'* 

Infections in the neutropenic patient are most commonly 
caused by endogenous normal flora. Bacterial infections 
include Staphylococcus aureus, Staphylococcus epidermidis, 
streptococci, enterococci, Pseudomonas aeuruginosa, and 
gram-negative enteric organisms; fungal infections are 
characterized by Candida or Aspergillus species; and viral 
infections are less common.'*'* Most infections in the neu- 
tropenic individual occur in the respiratory tract, cutaneous, 
and soft tissues. The major concern for these infections is 
the spread of the organism from the localized site into the 
bloodstream, resulting in a superinfection such as septicemia. 
Symptoms of infection can be atypical and nonpurulent due to 
decreased localized immune response." 

Neutropenic disorders are described as acquired or congen- 
ital. Persistent cases of neutropenia are generally attributed 
to an intrinsic problem of the hematopoietic system, whereas 
transient conditions are linked to factors extrinsic to the bone 
marrow. The absolute reduction in the circulating number of 
neutrophils may be attributed to increased peripheral destruc- 
tion, decreased production (proliferation defect), impaired 
bone marrow release (maturation defect), or abnormal distri- 
bution. Identification of the cause is important for selecting 
appropriate therapy, monitoring prognosis, and counseling 
family members in congenital cases. The pathogenesis of 
neutropenia is outlined in Box 16-4. 


Acquired Neutropenia Most acquired neutropenias occur as 
transient conditions caused by factors extrinsic to the bone 


TABLE 16-3 Classification of Neutropenia 


mild 


1,000-1,500/mm! 
(1.0-1.5 X 10°/L) 


500-999/mm? 
(0.5-1.0 X 10°/L) 


< 500/mm? 
(< 0.5 X 10°/L) 


Moderate 


Severe 


16-4 Pathogenesis of Neutropenia 


+ Increased Destruction or Removal of Neutrophils 
+ Infections 
* {Immune disorders 

+ Maturation Defect 
+ Megaloblastic anemia 

* Proliferation Defect 
* Aplastic anemia 
* Bone marrow replacement disorders 
+ Idiosyncratic drug reactions 
+ Myeloablative therapy 
* Bone marrow fibrosis 

* Abnormal Distribution 
* Hypersplenism 

Lee Se 


marrow. In order of frequency, concomitant viral infection, 
the ingestion of certain medications, and alloantibody o 
autoantibody activity are all reported as causes.”! Disorders 
persisting longer than 3 months are considered chronic” 
(The drugs associated with causing neutropenia are listed in 
Table 16-4.) Neutropenia may also be acquired as a seconé- 
ary condition to processes such as aplastic anemia, malig- 
nancy of the bone marrow, and dietary B., or folate deficiency 
(see Chapters 8 and 18-24). The causes of acquired neutrope- 
nia include: 


Infections 

Idiosyncratic drug reactions 

Autoimmune disorders 

Immunodeficiency disorders 

Hypersplensism 

Aplastic anemia 

Megaloblastic anemia 

Malignant disorders replacing the bone marrow 


During times of stress or infection, the absolute neutroptil 
count for patients with acquired disorders can rise (0 levels 
consistent with mild neutropenia or into the normal ranges 
revealing mobilization from existing bone marrow storage 
pools and offering differentiation from more severe, conget 
ital disorders." 


TABLE 16-4 Drugs Associated With Causing Neutropen 
Drug Prototype 


Penicillin 


Antibiotics 


Chloramphenicol 


_Anti-inflammatory Ibuprofen 
t Anticonvulsants Phenytoin 
_Antithyroid Propylthiouracll 


Procainamide 


Cardiovascular 


Hy Poglycemic Chlorpropamide 


Tranquilizer Phenothiazine 


openia during infection is multifactorial; virus 
ess progenitor cell proliferation and differen- 
hematologic precursors, or indirectly sup- 
n through the induction of apoptosis promoting 
infections are recognized as the most common 
t neutropenia, especially in children. The neu- 
‘s during the first few days of illness when the 


go unidentified in subclinical infections, 
pression is documented for infection by 
‘influenza, cytomegalovirus, parvovirus 
id respiratory syncytial virus.'*? Other 
ed include Anaplasma, Brucella, Ehrlichia, 
ulosis, tularemia, typhoid, Plasmo- 
ming sepsis with any organism. 
ne-Mediated Neutropenia 
result from the activity of antineutrophil 
e the removal of opsonized neutro- 
ulation. Immune-mediated neutropenia can be 
er alloantibody or autoantibody, and patients 


n 0.5 X 10°/L (severe). 

mmune neutropenia develops after maternal 
al neutrophilic antigens. The antigens are 
and the father, but they are absent in the 
ancy, antineutrophil antibody produc- 


for approximately 6 months.” Alloanti- 
d against neutrophil specific antigens 
are shared by neutrophils and other 


CONTENT 

14 human neutrophil antigen alleles 
five antigenic systems (categorized as 
HNA-5).*6 Diagnosis of neonatal allo- 
la is rare. Screening studies, although 
n size, have demonstrated granulo- 
present in 0.35% to 1.1% of ran- 
samples with a corresponding 
oping neonatal alloimmune neutropenia 
incidence cannot be known because 
ic, assays for detecting antibodies 
sitivity, and serological investiga 
ains uncommon.*?” 
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these antibodies attach to the neutrophils of a patient and act 
as an opsonin for splenic removal. Autoimmune neutropenia 
can be classified as primary neutropenia of idiopathic origin, 
or as secondary to infection, immunodeficiency, autoimmu- 
nity, or malignancy; posthematopoietic stem cell transplant; 
or as a side effect of drug therapy.” Autoimmune neutropenia 
has been identified in both adults and children, although it 
is observed more frequently as the cause of chronic benign 
neutropenia of childhood, occurring most frequently in chil- 
dren under 4 years of age and self-resolving within 2 years 
of onset.” In adults, autoimmune neutropenia does not com- 
monly resolve without intervention and is more commonly 
diagnosed as a secondary condition.*#° Although no standard 
treatment has been established, antibiotics are used to treat 
specific bacterial infections and prednisone to limit the auto- 
immune response. '*?” 


Congenital Neutropenia 

Congenital neutropenias occur as chronic or intermittent dis- 
orders arising from defective or deficient production is intrin- 
sic to the bone marrow microenvironment. Congenital defects 
are extremely rare and genetically heterogenous, involv- 
ing more than 24 genes affecting cells of the myeloid line 
or hematopoietic regulation.***? The disorders of congenital 
neutropenia include: 


Chronic benign neutropenia 

Severe congenital neutropenia (Kostman’s) 
Myelokathexis 

Cyclic neutropenia 

Reticular dysgenesis 

Fanconi’s anemia 

Dyskeratosis congenita 
Shwachman—Diamond syndrome 


The consequences of these defects result in decreased or 
arrested cell production, or impaired release by the bone marrow. 
Clinical presentation varies from a mild, if any, increased risk of 
infection (as seen in chronic benign neutropenia) to the over- 
whelming, recurrent infections in severe congenital neutropenia 
that result in death within the first year of life. In severe congen- 
ital cases, clinical benefits have been seen with the administra- 
tion of granulocyte-colony-stimulating factor (G-CSF) in terms 
of neutrophilic increment and infection prophylaxis.” 


Qualitative Disorders of Neutrophils 
Disorders of Neutrophil Function Qualitative disorders of 
neutrophil function are characterized by bacterial infections 
that are caused by hereditary abnormalities in function. The 
occurrence of most qualitative conditions is extremely rare; 
many are familial and stem from a general metabolic defect. 
The exact pathophysiology of nearly all qualitative neutro- 
philic disorders is unknown. Neutropenia commonly accom- 
panies these disorders. The qualitative disorders are classified 
according to the major defect expressed (i.e., cytoplasmic 
granules, disturbances of the respiratory burst, or chemotaxis); 
however, multiple abnormalities (including neutropenia) may 
be observed in some patients (Box 16-5). Ph 
Functional defects of neutrophils, which can pe 
acquired or inherited, are classified by the general ey 
q ‘ype of 
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Classes of Qualitative Neutrophil Disorders 


and Related Conditions 


* Cytoplasmic Granules 
* Chediak-Higashi syndrome 
* Myeloperoxidase deficiency 
* Specific granule deficiency 
* Biochemical Disturbance of Respiratory Burst 
* Chronic granulomatous disease 
* Glucose-6-phosphate dehydrogenase deficiency 
* Glutathione deficiency 
* Chemotaxis 
* Lazy leukocyte syndrome 
* Monosomy-7 


LK 


X 16-6 Acquired Disorders of Neutrophil Function 


, 


defect: (1) phagocytic/killing defects, (2) granule 
and structure defects, (3) defects affecting ¢ 
motility, and (4) adhesion defects.*° 
The acquired defects in each category are | 

Box 16-6. The inherited disorders of neutrophil things a 
listed in Box 16-7. WBC counts are variable in a: 
function defects depending on the nature of the disctiens 
whether the patient is actively infected. Automateg ‘ai . 
do not flag qualitative WBC abnormalities. Examination ta 
peripheral blood smear is necessary for detection, Even the 
examination of the peripheral blood smear is generaljy ,. 
markable in functional defects, with a few notable EXception 
the large granules that characterize Chediak-Higashi vn 
drome, the bilobed nuclei of Pelger-Huet anomaly, and absey 
secondary granules in neutrophil-specific granule-deficjens 


funey 
ly 
hemotayis ay 


Y Unre. 


Phagocytic/Killing Defects 
1. Chronic infections 

. Autoimmune disorders 

. Diabetes 

. Cirrhosis 

. Splenectomy 

GVHD 

. Malnutritution 

. Sickle cell anemia 

. Bone marrow transplant 

. Thermal injury 


SweMmUNAUEWHN 
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Granule Function and Structure Defects 


1. Myeloid malignancies (CMPD, AML, myelodysplastic syndrome) 


2. Pregnancy 
3. Severe thermal injury 
4. Trauma and surgery 


»X 16-7 Inherited Disorders of Neutrophil Function 


Phagocytic/Killing Defects 

* Chronic granulomatous disease 
- Immunodeficiency disorders with decreased immunoglobulins 
+ Complement disorders 

+ Myeloperoxidase 

+ Specific granule deficiency 


Granule Structure and Function Defects 
* Chediak-Higashi syndrome 

+ Myeloperoxidase deficiency 

* Specific granule deficiency 


Chemotaxis and Motility Defects 

1. Autoimmune disorders 

2. Numerous drugs and anti-inflammatory medications 
3. Diabetes 

4. Cirrhosis 

5. Renal failure 
6. Chronic infections 

7. GVHD 
8. Thermal injury 

9. Malnutrition 
10. PNH 
11. Bone marrow transplant 
12. Hematologic malignancies 
13. Recombinant interleukin-2 therapy 


Adhesion Defects 

* Aging 

* Drugs (i.e., aspirin, corticosteroids, epinephrine) 
* Chronic infections 

* Renal disorders 

* Alcoholism 

* Sickle cell anemia 

* Paraproteinemia 


* Diabetes 

ative 
GVHD = graft-versus-host disease; CMPD = chronic myelopro 
disorders; AML = acute myelocytic leukernia: PNH = paroxys™ 


hemoglobinuria. — 


Chemotaxis and Motility Defects 

* Lipid storage diseases (i.e., Gaucher's) 
* Complement disorders 

* Chediak-Higashi syndrome 

* Specific granule deficiency 

+ Actin and microtubular defects 

. Hyperimmunoglobulin E syndrome 


Adhesion Defects 
* Type 1,2, and3 leukocyte adhesion deficiencies , 


sj laboratory tests are necessary to evaluate 
ecl . 

con: Molecular methods are used to diagnose 
‘se from known genetic mutations. For practi- 


: ea ost clearly understood qualitative disorders 


ed here. 
drome 

igesh Parone is a rare autosomal-recessive 
ap disease characterized by neutrophils with 
function and morphology. The disorder is caused 
ag in the LYST gene that codes for the lysosomal 
r protein. Patients with Chediak—Higashi 
‘ + with recurrent bacterial infections, oculo- 
1s albinism, progressive neurological complications, 
14 tendencies related to platelet gran- 
i (Figs. 16-7 and 16-8). Mutations in the LYST 
se defective degranulation and result in the presence 
granules in cells such as granulocytes, 

ies, lymphocytes, melanocytes, tissue macrophages, 

32 


elets. 


F 8 _ = Rae a FM 

wide Peripheral blood from a patient with Chediak-Higashi 

im Lymphocyte, (Left) Neutrophil. (From Dutcher T. 
Look, and Learn, Bethesda, MD: Health and 


Resources, Inc, with permission.) 
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, 8 
morep! Nesp Foes sal 
{ is fip ©M a patient with Chediak-Higashi syndrome. 
Mea led With striki gashl sy 
and Eg 7, Hemato| Strikingly large primary (azurophilic) granules. 
Mcation gy. In Listen, Look, and Learn, Bethesda, MD: 
UFCes, Inc, with permission.) 
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Many affected cells die within the bone marrow due to 
the defective cytoplasmic granulation. In addition to neutro- 
penia, inefficient and prolonged bacterial killing has been 
identified as a key dysfunction in phagocytic activity. The 
release of lysosomal enzymes is impaired by the abnormal 
granule membrane fusion that results in the characteristic 
giant lysosomal granules. These abnormal granules develop 
during early myelopoiesis because of an initial aggregation of 
primary granules followed by fusion with the secondary gran- 
ules” (see Fig. 16-8). The giant lysosomal granules are more 
evident in cells of the bone marrow than in peripheral white 
cells. In circulation, the most striking granules may be seen in 
natural killer cells (NK subset of lymphocytes).*? The gran- 
ules stain from dark red to deep purple with Wright’s stain and 
are strongly positive for peroxidase. 

Many patients die as a result of infection during early 
childhood. Those who survive into early childhood enter 
an accelerated phase that progresses through pancytopenia, 
lymphoma-like cell infiltration, organomegaly, systemic 
infections, and eventually death! Management of Chediak— 
Higashi syndrome includes prophylactic antimicrobial therapy, 
and in the case of infection, aggressive intravenous treatment 
is required. The Epstein—Barr virus (EBV) is believed to trig- 
ger the accelerated phase of Chediak—Higashi syndrome, so 
immunization against EBV may be beneficial.** Hematopoi- 
etic stem cell transplant is the only curative treatment and is 
optimally performed before the onset of the accelerated phase 
or during remission. 


Chronic Granulomatous Disease 

Chronic granulomatous disease (CGD) is a familial, heteroge- 
neous disorder of the neutrophil that may be chronic or inter- 
mittent. The mode of inheritance of most cases is X-linked 
recessive; however, autosomal recessive cases have been 
described.*>3° CGD is seen in 1 out of every 250,000 individ- 
uals, with patients generally diagnosed during the first two 
years of life. CGD is attributed to a failure in the activation 
of the respiratory burst that results in little or no superoxide 
production as the result of mutations in the genes encoding the 
phagocytic oxidase subunits (phox) of the enzyme, NADPH 
oxidase.*’ The interaction of these subunits results in the for- 
mation of superoxide during the respiratory burst. 


' 
[a ADVANCED CONTENT 


Each phox subunit is identified as a glycoprotein (gp) or a 
protein (p). Two of the subunits, gp91-phox and p22-phox, are 
located in the plasma membrane and together form the enzyme 
cytochrome b. The other subunits, p47-phox, p67-phox, and 
p40-phox, reside in the cytosol. Stimulation of NADPH 
oxidase leads to the migration of the cytosol subunits to the 
plasma membrane. With the help of secondary mediators, the 
_ phox subunits assemble into the active oxidant, superoxide,” 
‘The classic X-linked form demonstrates a total absence of 
cytochrome b, whereas most autosomal-recessive cases preg- 
ent with deficiencies in one of the cytosol subunits Ph. 
- molecular basis of WBC disorders is outlined in Table 165 
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TABLE 16-5 Molecular Basis of WBC Disorders 


Regardless of the subunit defect, superoxide cannot be 
produced, and, in tum, bacterial killing is ineffective. Inges- 
tion of bacteria, degranulation, and phagolysosome formation 
are normal. Despite characteristic neutrophilia, patients with 
CGD are plagued by recurrent, life-threatening bacterial and 
fungal infections in nonsterile sites, which spread hematoge- 
nously to other organs and deep tissue. The hallmark of CGD 
is the formation of granulomas during chronic inflammatory 
reactions that keep the organisms localized.** Most common 
types of infections include pneumonia, lymphadenitis, and 
abscesses. The most common agents of infection in the United 
States and Europe include Staphylococcus aureus, Serratia 
marcescens, Salmonella sp., Klebsiella sp., Nocardia sp., and 
Aspergillus sp.: Mycobacterium tuberculosis is an additional 
cause of mortality for patients in parts of the world where 
infection is endemic within the general population.***° 

Diagnosis is established by demonstrating a bactericidal 
defect resulting from the absence of the oxidative burst using 
the nitroblue tetrazolium (NBT) slide test, cytochrome c 
reduction measured by spectrophotometry, or by measuring 
respiratory burst activity with flow cytometry.*® The NBT slide 
test is used to indirectly detect the production of superoxide 
through the reduction of the NBT dye and the accumulation of 
a blue-black precipitate, recorded as a positive reaction micro- 
scopically. The NBT test has generally been replaced by flow 
cytometry methods that use dyes sensitive to the generation 
of reactive oxygen species, such as dihydrorhodamine 123.5° 
The X-linked-recessive inheritance may be confirmed by 
studying the family history and performing molecular gene 
analysis. Indicators of CGD include the presence of disease 
in male members of the maternal family and intermediate 
to low neutrophil activity in the mothers and sisters of 
affected boys. In most cases, the female relatives are Clinically 
well, but occasionally they may present with an increased 


Disorder Inheritance AffectedGene Function WE sre, 
_Chediak-Higashi syndrome * Autosomal recessive LYST Lysosomal trafficking regulator protein * 
Chronic Granulematnie Dieeateiame Clin Centar : CYBB.—SSCSCS*« 91 -phoX NADPH oxidase subunit; integral membran 
glycoprotein eS lai 
Chronic Granulomatous Disease ~ Autosomal recessive CYBA p22-phox NADPH oxidase subunit; integral membrane 
protein ps oe 
Chronic Granulomatous Disease Autosomal recessive NCF1 p47-phox NADPH oxidase subunit; cytosolic protein | 
Chronic Granulomatous Disease Autosomal recessive NCF2 ide p67-phox NADPH oxidase subunit; cytosolic protein 
| Chronic Granulomatous Disease ; _ Autosomal recessive — NCFA 4 p40-phox NADPH oxidase subunit; cytosolic poten | 
Pelger-Huet Autosomal dominant LBR Lamin B Receptor a Le 
May-Hegolin ». Autosomal dominant P MHY9 nonmuscle myosin IIA heavy chain pene 
Myeloperoxidase Deficiency a " Autosomal recessive MPO myeloperoxidase eS i. ek 
Leukocyte Adhesion Deficiency-! Autosomal recessive IGTB2 CD18 subunit of B, integrins % | 
Leukocyte Adhesion Deficiency-Il Autosomal recessive SLC35C1 GDP-fucose transporter 1 < asco! 
Leukocyte Adhesion Deficiency-Iil ‘ad Autosomal recessive. FERMT3 kindlin-3 vi a 


susceptibility to infections or a syndrome resembling system 
lupus erythematosus.***° 

Progress has been made in modalities of treatment, and tt 
prognosis of CGD is improving. Aggressive prophylactic 
biotic therapy should be initiated as soon as a diagnosis 's mat 
Gamma (y) interferon has been effective in limiting the freq 
of infections, and granulocyte transfusions are useful in pate 
who respond poorly.” Hematopoietic stem cell transplant is 
main curative treatment for patients with CGD and has bes 
proven successful in over 90% of patients; however, the M" 
success is dependent on the HLA-match and supportive therapy 


Myeloperoxidase Deficiency 

Myeloperoxidase (MPO) deficiency is the most comme | 
inherited disorder of phagocytes. As an important com 
of neutrophilic granules, myeloperoxidase deficiency 


‘jill 
the formation of hypochlorous acid during phagocyte 
impeding ingestion by phagocytes.’ Despite this ee 


patients are rarely symptomatic, and diagnosis MY 0 
ary to the laboratory investigation of a different disordet 
deficiency notably presents as false pseudoneutropen 3 
using automated analyzers that rely upon myeloperoxides 
ence for the detection of neutrophils.” Deficiency !S! 3 
an autosomal recessive defect in the MPO gene" yt 
dase activity can be evaluated microscopically us a of 
ical staining or quantitated using spectrophotome’ ig 
(Chapters 31 and 34-35). MPO. deficiency must Re st tt 
ated from the diagnosis of CGD using the DHR fe Bt we 
assay, which will be abnormal in both condition 
assays are unaffected in MPO-deficient patients.’ 


Leukocyte Adhesion Deficiency 

Leukocyte adhesion deficiency (LAD) is an au". 
sive disorder, most commonly defined by mutation uci 
@ common chain of the B, integrin family of glye? 


ae 


| 
tosom? co 


be. 
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4 ee, tly, there are three categories of LAD, of which 
-LAD-I is the most common disorder, LAD-I is caused by 
a mutation in /7GB2, the gene coding for CD18. Defec- 
tive CD18 expression results in the lost expression of 
three distinct B, integrins: CD1la/CD18, CD11b/CD18, 
‘and CD11c/CD18.** This loss results in neutrophilia with 
jmpeded migration of neutrophils to sites of inflammation 
‘or infection. Patients are subject to recurrent bacterial and 
fungal infections.**** Diagnosis using flow cytometry to 
demonstrate the loss of expression is straightforward and, 
‘combined with the identification of genetic defect, can dis- 


tinguish LAD subtypes.*° 


Disorders of Neutrophil Morphology Granulocytes with 
abnormal morphology can be acquired or inherited. The 
acquired disorders of neutrophil morphology are listed in 
Box 16-8. Although rare, several hereditary abnormalities 
in neutrophil morphology may be observed in patients with- 
out an association with infection, neutrophilic dysfunction, 
or altered neutrophil number. Such abnormalities in neutro- 
philic morphology are collectively referred to as “white blood 
cell anomalies.” The inherited disorders of neutrophil 
morphology are listed and their characteristics summarized 


in Box 16-9. 


Nuclear Anomalies 
Hypersegmentation and hyposegmentation of the nucleus are 
WBC anomalies that reflect the number of segmented lobes 
demonstrated in the mature neutrophil. Hypersegmentation 
describes larger-than-normal neutrophils with six or more 
nuclear lobes present. A similar hypersegmentation of eosin- 
ophils has been reported, with five or more nuclear lobes 
present. Hypersegmentation in the granulocytes may be an 
indicator of an acquired anemia, such as megaloblastic ane- 
Mia, or of a benign autosomal-dominant condition known as 
hereditary hypersegmentation of neutrophils.”° 
Hyposegmentation of the nucleus is characteristic of 
Pelger-Huét anomaly, a condition that affects all leukocytes 


Acquired Disorders of Neutrophil Morphology 


* Hypersegmentation 
* Megaloblastic anemia 
P * Myeloid malignancies (i.e, AML, myelodysplastic syndromes) 
Hypogranularity 
* Myeloid malignancies (i.e, AML, myelodysp 
Pelger-Huét 
* Myeloid malignancies (i.e, AML, myelodysplastic s 
2 ith, (sulfonamides, colchicines, etc.) 
¥ Plasmic Inclusions 
=noalobulinemia 
leutrophi 
TTS nine 


Granulocyte Colony Stimulating Factor (G-CSF) therapy 


lastic syndromes) 


yndromes) 
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Inherited Disorders of Neutrophil Morphology 


* Pelger-Huét Anomaly 
* Autosomal dominant 
* Bilobed or nonsegmented nuclei 
* Normal cytoplasm 
+ May-Hegglin Anomaly 
* Autosomal dominant 
+ Large blue cytoplasmic inclusions found in neutrophils, 
eosinophils, basophils, and monocytes 
* Chediak-Higashi Syndrome 
* Autosomal recessive 
* Giant cytoplasmic granules in granulocytes and lymphocytes 
* Alder-Reilly Anomaly 


+ Autosomal recessive 
* Cytoplasm of neutrophils contain dark azurophilic granules 


+ Eosinophils and basophils also affected 
* Lymphocytes may also be abnormally granulated and 
vacuolated 
* Specific Granule Deficiency 


* Autosomal recessive 
* Absence of secondary granules, neutrophils appear pale 


and hyposegmented 
+ Abnormal granules in platelets and eosinophils 


——— 


but is identifiable in neutrophils in which the nucleus is 
found to be bilobed or to have no lobulation whatsoever, 
with exceptionally coarse and condensed nuclear chroma- 
tin. Despite the distinguishable morphology, the neutrophils 
appear to function normally. In the heterozygous state, pre- 
dominantly bilobed neutrophilic forms are present that are 
described as having a “dumbbell” or “pince-nez” appear- 
ance with two symmetric lobes being joined by a filament. 
In the homozygous state, no segmentation is evident, and 
the nucleus takes on a round or oval appearance, occasion- 
ally referred to as the “Stodmeister” form” (Fig. 16-9). 
“True” Pelger-Huét anomaly is inherited in an autosomal- 
dominant pattern; heterozygous expression is observed in 
1 out of 6,000 individuals, yet homozygous expression is 


exceedingly rare.*” 


FIGURE 16-9 Pelger- Huét anomaly (peripheral blood). (From Hyun BH, 
et al. Practical Hematology. A Laboratory Guide With Accompanying 
Filmstrip. Philadelphia: WB Saunders; 1975, with permission.) 
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The inherited genetic abnormality affects the LBR gene, 
encoding the lamin B receptor. This protein resides in the 
membrane, and the N-terminus interacts with chromatin 
and the nuclear lamina of the cell.** 


Acquired or pseudo Pelger—-Huét neutrophils have simi- 
lar morphology but are induced by drug ingestion or occur 
secondary to conditions such as leukemia. Differentiating 
between acquired and true Pelger-Huét can be difficult. 
One way is to look at the percentage of cells observed; true 
Pelger—Huét neutrophils will be observed in >50% of the total 
neutrophil count and acquired Pelger—Huét in <30%.” Care 
must be taken to distinguish Pelger—Huét cells from a “shift to 
the left,” in which an increase in metamyelocytes and bands 
is observed during severe infection. Generally, the nuclear 
chromatin is more condensed and coarse in Pelger—Huét 
neutrophils than in bands and metamyelocytes. 


Cytoplasmic Anomalies 
Morphological changes may also be noted in the neutrophilic 
cytoplasm. The presence of prominent, dark-staining, coarse 
cytoplasmic granules in neutrophils, eosinophils, basophils, 
monocytes, or occasionally lymphocytes is known as Alder’s 
anomaly or Alder—Reilly inclusions (Fig. 16-10). In some 
patients, only one cell line may be affected. These cytoplas- 
mic inclusions are composed of precipitated mucopolysaccha- 
ride and are seen in association with inherited disorders of 
mucopolysaccharidosis, such as Hunter’s and Hurler’s syn- 
dromes, where a genetic defect affects the lysosomal degrada- 
tion of glycosaminoglycans. Inheritance of such disorders is 
typically autosomal recessive” (see Chapter 24). These prom- 
inent granules are similar to those in toxic granulation, with 
the exceptions that they are larger, stain positive with meta- 
chromatic stains, and are a permanent morphological charac- 
teristic of the neutrophils. 

As discussed previously, toxic granulation is an acquired 
transient change in morphology caused by infectious or toxic 
agents, often accompanied by the presence of Déhle bodies. 


FIGURE 16-10 Alder-Reilly anomaly. (Left and middle) Note azurophilic 


granulation in cells from peripheral blood. (Right) Bone marrow. (From 
Hyun BH, et al. Practical Hematology. A Laboratory Guide With Accompa- 
nying Filmstrips. Philadelphia: WB Saunders; 1975, with permission.) 


Granulocytes and monocytes in May-Hegglin ‘ia 
demonstrate larger, blue-staining cytoplasmic inclusion, al 
resemble Déhle bodies" (Fig. 16-11). that 
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Be 
_May-Hegglin is a hereditary Macrothrombocytopeniy 
characterized by mutations in the MYH9 gene, Causing 
defects in nonmuscle myosin IIA heavy chain, affectiy 
_ megakaryocytic migration and platelet release.® \yyyy 
disorders are typically inherited in an autosomal dom. 
nant fashion; approximately one-third occur due to Spo 
-radic mutations.*? The inclusions present in May-Hegolip 
are composed of defective nonmuscle myosin IIA protein, 
MYH9 mRNA, and ribosomes.** 


This anomaly is also associated with thrombocytopenia — 
and giant platelets (macrothrombocytopenia) and show van 


able neutropenia and bleeding tendency. Many patients may 
be clinically asymptomatic (see Chapter 26). 


Eosinophils 
The normal percent of eosinophils found upon examination 


on the peripheral blood smear is approximately 2% to 
Eosinophils function to release their secondary granules, rich 


in major basic protein, to destroy parasites and function ® 
immediate hypersensitivity reactions upon migration 10 ht 
tissues. Eosinophilia occurs when the absolute eosinophil 
count is greater than 500 cells/mm? or 0.5 X 10° cells/L. The 
are no age-related variations in the absolute counts. Eosil® 


philia can be arbitrarily classified using the absolute cout | 


the absolute counts for mild, moderate, and severe 0s 
philia are listed in Table 16-6.%* 


Causes of eosinophilia can be categorized as nce 
tic, reactive, and idiopathic. The most common ” : 

pei satis Ses ea yo 
eosinophilia worldwide is parasitic infections. T° P* 


yd 


6 Classification of Eosinophilia 
pout 


600-1,500/mm? 
(0.6-1.5 X 10°/L) 
1,500-4,900/mm* 
(1.5-4.9 X 10°/L) 
>5,000/mm? 
(>5.0 X 10°/L) 


Be ochilia, the parasites must invade the tissues. Helmin- 
hic infection is the most common parasite causing eosin- 

ophilia. In developed countries, allergic disorders are the 

most common causes of reactive eosinophilia. The causes 

‘of secondary reactive eosinophilia are listed in Box 16-10. 

Common characteristics of acquired secondary reactive 

eosinophilia include: 

* Mild to moderate eosinophilia 

* Represents a compensatory bone marrow response to an 

increased tissue demand for eosinophils 


* Eosinophilia disappears with the resolution of the caus- 
tive di 


eo of mild to moderate eosinophilia detected by 
‘Toutine complete blood count often occur without any 
known cause,*# 


e 
* 


Eosi °-10 Causes of Secondary (Nonmalignant) Reactive 
‘sinophilia (Absolute Count > 600/mm’ or 0.6 X 10°/L) 


< bowel disease 
Ular disorder 
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In malignant hematopoietic disorders such as chronic 

| myeloproliferative disease and acute leukemias, eosino- 
philia may be seen because they are part of the clone and 

| often demonstrate morphological abnormalities. Clonal 
hypereosinophilia or genetic rearrangements of PDGFRA, 
PDGFRB, FGFRI, or PCM-JAK2 are neoplastic and clas- 
sified as myeloproliferative disorders by the Word Health 
Organization*** (see Chapters 17-19). 


Basophils 


The normal percentage of basophils present upon examination 
of the peripheral blood smear is 1% to 2%. Basophilia occurs 
when the absolute count is greater than 100 cells/mm’ or 
0.1 X 10° cells/L.*’ Isolated basophilia is uncommon. Reactive 
conditions can cause moderately increased basophil counts, 
and uncommonly occur secondary to allergy, hypersensitiv- 
ity, or inflammation due to the major component of basophilic 
granules being histamine. However, basophilia is an uncom- 
mon finding.'* The secondary reactive causes of basophilia 
are listed in Box 16-11. 

More commonly, basophilia is indicative of a malignant 
process and characterized by absolute counts that are much 
higher due to the extreme elevation in WBC count character- 
istic of myeloproliferative neoplasms.*’ Chronic myelogenous 
leukemia (CML) is the most common cause of basophilia’® 
(see Chapter 18). 


Monocytes 

The normal percentage of monocytes present on examination 
of the peripheral smear is 2% to 9%, with an absolute count 
that may reach 1,500 monocytes/mm? at birth, and gradually 
decreases to a range between 100 to 900 monocytes/mm’ or 


BOX 16-11 Causes of Secondary Reactive Basophilia 
(Absolute Count > 200/mm’ or 0.2 X 10°/L) 


Infections 

+ Chicken pox 

+ Smallpox 

+ Influenza 

inflammatory Disorders 

+ Rheumatoid arthritis 

+ Ulcerative colitis 

+ Collagen vascular disease 
Allergic Reactions 

« Urticaria 

+ Allergies to food and drugs 
+ Erythroderma 

Chronic Renal Disease 
Endocrine Disorders 

+ Diabetes 

+* Hypothyroidism 
Exposures to Radiation 
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0.1 to 0.9 X 10°/L.5* Beyond infancy, however, there are no 
age-related variations. Monocytes, on migration to the tis- 
sues, function in phagocytic and antimicrobial activities, tis- 
sue repair, and various other functions in cellular and humoral 
immunity. Monocytes contain numerous very fine granules 
in their cytoplasm that play a major role in destruction of 
microbes. The enzymes found in the granules of monocytes 
are lipozyme, collagenase, acid phosphatase, and elastase. 
Functions of the many proteins secreted by monocytes include: 


Regulation of hematopoiesis 

Stimulation of inflammatory reactions 

Removal of infectious organisms by phagocytosis 
Removal of senescent blood cells 

Modulation of the immune function 

Stimulation of host defense against tumor cells 


Monocytosis occurs when the absolute monocyte count 
exceeds 1,000 monocytes/mm? or 1.0 X 10°/L.** Reactive 
monocytosis is generally associated with a chronic infection, 
autoimmune disease, splenectomy, and a range of malig- 
nancy.'*!° The causes of secondary reactive monocytosis 
are listed in Box 16-12. Absolute monocytosis can also be 
found in malignant hematopoietic disorders such as chronic 
myelomonocytic leukemia (CMML), chronic myelogenous 
leukemia (CML), acute monocytic leukemia, and acute myel- 
omonocytic leukemia (AMML) (see Chapters 17 and 18). 

Distinguishing reactive and neoplastic causes of monocy- 
tosis can be challenging, as persistent increases in cell number 
and morphological criteria remain as hallmarks of diagnosis 
under the most recent World Health Organization (WHO) 
criteria.’ Reactive monocytosis can present with additional 
abnormalities characteristic of the primary diagnosis. For 
example, monocytosis secondary to chronic infection may be 
accompanied by neutrophilia, leukocytosis, mild to moder- 
ate anemia, and variable platelet count. In contrast, patients 


16-12 Causes of Secondary Reactive Absolute 


Monocytosis (Adults: Absolute Counts >1.0 X 10°/L; 
Newborns: >1.2 X 10°/L) 


Chronic Infection Chronic Neutropenia 

+ Fungal * Acquired neutropenia 

+ Bacterial + Inherited cyclic neutropenia 

+ Protozoal 

+ Rickettsial 

Inflammatory Conditions Malignant Hematological 

* Sarcoidosis Disorders 

* Collagen vascular + Hodgkin lymphoma 
disorders * Non-Hodgkin lymphoma 

¢ Inflammatory bowel * Multiple myeloma 
diseases 

« Sprue 

Other 

« immune thrombocyto- 
penic purpura (ITP) 


* Hemolytic anemia 
* Postsplenectomy 
ee eee) 


i 


with monocytosis, as a result of a malignant clone - 
with more severe anemia and variable platelet anq leuk 
counts." The morphology of monocytes in reactive ul 
cytosis shows relatively mature monocytes with hal 
nuclear chromatin, which is present in a folded, indented 
unusually shaped nuclei. The cytoplasm is usually spread : 
and frequently vacuolated. Numerous dustlike fine granules 
which are normally hard to see, may be very Prominent i 
these reactive monocytes. In monocytes associated With 4 
hematopoietic malignancy, more immature forms with fine 
nuclear chromatin and nucleoli are observed, usually wit, 
out the reactive morphological features previously describey 
Demonstration of clonality or genetic mutation also dist. 
guishes malignant and reactive monocytosis.* 


Lymphocytes 

Lymphocytosis refers to an increase in lymphocytes in the 
peripheral blood. In adults, lymphocytes represent 20% » 
40% of the relative differential count. Relative lymphocytoss 
refers to an increase in the percentage of lymphocytes whea 
performing the WBC differential. Absolute lymphocytoss 
represents the total number of lymphocytes present and is ca 
culated as a relative percentage of the overall WBC count Its 
important to use accurate reference ranges by age when eva 
uating the absolute lymphocyte count, as the normal relate 
and absolute values shift to a predominance of lymphocyts | 
after birth, remain elevated during childhood, and retum® 
a predominance of neutrophils during adulthood."* In in'sss 
and young children, absolute lymphocyte counts greater &# 
11.0 X 10°/L define lymphocytosis, while the threshold 
absolute lymphocytosis exceeds 4.0  10°/L in adult patiea® 


Absolute Lymphocytosis: Reactive Versus 
Malignant Causes R 
The term reactive lymphocytes is used to describe “" 
formed or benign lymphocytes. The term atypical should 
be used interchangeably with reactive because, i eae 
atypical may imply malignant-appearing cells.” Ot" ee 
that have been used to describe the spectrum of reactive 
phocytes include immunocytes, transformed lymp 
immunoblasts, plasmacytoid lymphocytes, Turk ce : 4 
Downey cells. Reactive lymphocytes occur in norms! om 
but usually account for less than 10% of the total "i 
cytes. Generally accepted review criteria maintains 
with instrumentation flags for reactive lymphocy' os 
receive a manual review, and patients presenting ow DY! 
in excess of 5.0 X 10°/L are recommended for pe so 
pathologist. Control slides with reactive lymphocy oy 
be reviewed on a regular basis with staff to ens ¥ 

in the Teporting of reactive lymphocytes. 


hoc 


Lymphocyte Morphology Pid 
Most lymphocytes are small; however, intermedi l® 
large lymphocytes may be observed. Norm! ‘nl ous 
have a high nuclear-to-cytoplasmic ratio. with Oi , 
being oval or round and the chromatin clumpe! ar ye 
Garie purple. The cytoplasm is blue, with ¥ arying er id 
light to dark in different cells, Although mos! lym 


SP 


- oS 


o not have granules, large lymphocytes may have a few 
well-defined purplish-red granules that can be easily counted 
at the periphery of the cytoplasm. Large granular lympho- 
cytes (LGLs) are characterized by a few cytoplasmic granules 
(Fig. 16-12). These granules are azurophilic, appear red or 
purple, and are larger than the fine, pink, secondary granules 
present in neutrophils. LGLs may be of T-cell or true natural- 
killer cell origin. In contrast, the cytoplasm of monocytes con- 
tains many small granules and has a “ground-glass” cloudy 
appearance. 

Reactive lymphocytes and normal lymphocytes vary in 
size, shape, and immunophenotypic markers (polyclonal) 
(Table 16—7). The cells do not originate from one precursor 
cell or clone. In contrast, lymphocytes in malignant disorders 
are similar with regard to size and shape (monomorphic) and 
immunophenotype, because they originate from the same 
malignant clone (monoclonal).'* Malignant lymphocytes may 
yary in size depending on the particular malignancy. How- 
ever, for any one malignancy, the size and appearance tend to 
be constant. 

Reactive lymphocytes range in size from 9 to 30 um. The 
size variation that may be seen with reactive lymphocytes 
is illustrated in Figure 16-13. Resting small lymphocytes 
tend to be much smaller than reactive lymphocytes, ranging 
in size from 8 to 12 pm, and are similar in size to the top 
tight lymphocyte in Figure 16-13 (right arrow). The ratio 
of the nuclear area to the visible cytoplasmic rim (i.e., the 
NC ratio) varies with reactive lymphocytes. One of the most 
distinguishing features of reactive lymphocytes is the abun- 
dant cytoplasm, compared with smaller resting lymphocytes.” 
Resting small lymphocytes have relatively little cytoplasm, 
whereas NK (natural-killer) | ymphocytes may have moderate 
amounts of cytoplasm, resulting in the terminology of “large 
granular lymphocytes” for these cells. In Figure 16-13, three 
lymphocytes are present. In the center of the field is a reactive 
lymphocyte, Specifically a large granular lymphocyte with 

dant cytoplasm (large arrow). The cytoplasm is usually 
Pale blue, with occasional azurophilic granules. A significant 
Pe al feature of reactive lymphocytes is the uneven 
Portio ig of the cytoplasm. In reactive lymphocytes, peripheral 
ns of the cytoplasm often stain darker blue than areas 


Figy, ate ° 


Or, 6-12 A 
Ales, large, Mature-appearing lymphocyte with azurophilic 
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TABLE 16-7 Lymphocyte Morphologies 


Resting Small 


Characteristics Reactive lymphocyte _ Lymphocyte* 

Size : Large (9-30 mm) g Small (8-12 mm) 
N.C Ratio’ 5 ‘Low to moderate High to moderate 
Cytoplasm Sriount Abundant - Scant 


Cytoplasm Color Colorless to dark blue Colorless to light 


blue 
Nucleus shape Round to irregular Round 
Chromatin Coarse to moderately Coarse 


fine* 


Nucleoli 


Absent to distinct Absent 


Typing Polyclonal Polyclonal 
*Normal peripheral blood may contain a few medium-sized natural killer cells that are 
larger than resting small lymphocytes but smaller than large reactive lymphocytes. 
"The N:C ratio is the ratio of the nuclear area to the visible cytoplasmic rim. 


‘The chromatin is not as fine as that seen in blast cells. 


FIGURE 16-13 Three lymphocytes are present, one with abundant 
cytoplasm (low N:C ratio) and two with moderate amounts of cytoplasm, 
from a patient with infectious mononucleosis. Note the variation in the 
chromatin coarseness. The larger or reactive-appearing lymphocyte has 
prominent cytoplasm indentations (center arrow). 


of the cytoplasm closer to the nucleus. Also, the cytoplasmic 
border is usually round with an occasional indentation, 

The nucleus in reactive lymphocytes may be round, 
indented, or lobulated (Fig. 16-14). In reactive conditions, the 
appearance of the nuclear chromatin in the lymphocyte popu- 
lation is variable and not monotonous. Generally, the nuclear 
chromatin is coarse or clumped, and prominent clumping 
or coarseness of the chromatin similar to plasma cells may 
occur. A small “plasmacytoid” lymphocyte with promi- 
nent chromatin clumping, perinuclear halo, and an eccentric 
nucleus similar in appearance to a plasma cell is illustrated in 
Figure 16-15. The nucleus in resting small lymphocytes is 
round and less variable. The chromatin may vary in coarse- 
ness but not to the extent seen with reactive lymphocytes 

Nucleoli may be present in reactive lymphocytes. Such 
reactive lymphocytes may be differentiated from lymphoid 


342 PART3 White Blood Cell Disorders 


020. 
a MEP 


FIGURE 16-14 Lymphocyte with nuclear indentation. 
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FIGURE 16-15 Asmall plasmacytoid lymphocyte with coarse chromatin 
and an eccentric nucleus. 


or myeloid blasts by having more abundant cytoplasm (i.e., a 
lower N:C ratio) and a clumped chromatin pattern, A reactive 
lymphocyte with a prominent nucleolus and deeply basophilic 
cytoplasm, referred to as an “immunoblast,” is illustrated in 
Figure 16-16. Immunoblast is a descriptive morphological 
term and has no bearing on the lymphocyte type. 

Nucleoli are not apparent in resting small lymphocytes. 
Reactive lymphocytes are compared with small resting lym- 
phocytes (see Table 16-7). 

Morphological criteria alone usually enable one to distin- 
guish reactive lymphocytosis from malignant disorders, When 
there is ambiguity, clinical history, cell typing, and serologi- 
cal findings may help in distinguishing these entities.'”'* If 
necessary, a bone marrow or lymph node biopsy may lead to 
the correct diagnosis. The most common causes of a reactive 
lymphocytosis are shown in Box 16-13. 


Causes of Reactive Lymphocytosis 

Infectious Mononucleosis 

History ’ 

In 1907, Turk described clinical symptoms in several patients 
who probably suffered from infectious mononucleosis (IM) 
caused by EBV infection.™ Reactive lymphocyte morphology 


(#) . 
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FIGURE 16-16 A large reactive lymphocyte with prominent nucleolus 
(immunoblast). 


(16-13 Causes of Reactive Lymphocytosis 


* Viral 
* Adenovirus 
* Chickenpox 
* Cytomegalovirus 
* EBV (infectious mononucleosis) 
* Hepatitis 
* Herpes simplex 
+ Herpes zoster 
* Human immunodeficiency virus (HIV) 
+ Influenza 
* Paramyxovirus (mumps) 
« Rubella (measles) 
* Bacterial 
* Brucellosis 
* Paratyphoid fever 
* Pertussis (whooping cough) 
* Tuberculosis 
* Typhoid fever 
* Drug Reactions : 
* During recovery from acute infections (especially in childre 
* Miscellaneous 
* Acute infectious lymphocytosis 
* Allergic reactions 
Autoimmune diseases 
Hyperthyroidism 
Malnutrition 
Rickets 
Syphilis 


Toxoplasmosis —_— 


and clinical symptoms were correlated in 19 
who named the syndrome “infectious mon’ 1) 
Downey, in 1923, described in further detail the _ mor 
phocyte morphology associated with IM.“ Altho¥® og 
phology is still important, Downey’s descriptive ‘°° onl 
of morphology is seldom used today. /nfectio’® ot nol 
osis is a historical term. We now know that the 3 cytes us 
nuclear cells originally described in IM are lympho" 

not monocytes, 
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Later, in 1932, P aul noticed that serum from patients with antibodies (agglutinins) specific for the “i” red blood cell anti- 

IM contained antibodies against sheep erythrocytes,” This gen (see Chapter 13) and immune thrombocytopenia caused 
discovery Was the basis for the Monospot test (Ortho Pharma- _by increased splenic activity. 
ceuticals)- This contemporary test is the most commonly used Multiple organ involvement with related symptoms may 
and the simplest method available for measuring IgM hetero- _be present in IM. Enlargement of the anterior cervical lymph 
phile antibodies. Heterophile antibodies are antibodies that nodes is another physical finding during the first week. Fol- 
also react with cells of other species. In particular, the IgM lowing a week or two, the swelling usually subsides. The 
antibodies react with sheep and horse erythrocytes. The anti- nodes are firm but not tender or warm. At least one-half of 
bodies are not absorbed by guinea pig kidney inthe Monospot _ patients demonstrate a palpable spleen during the course of 
test and, thus, if present, agglutinate horse erythrocytes, infection, and, rarely, splenic rupture may occur. Hypersplen- 

The DNA virus responsible for IM was first observed ism may contribute to mild anemia, immune thrombocytope- 

| in lymphoblasts cultured from patients with Burkitt’s lym- _ nia, or both. Hepatomegaly may be detected in up to 25% of 
phoma® (see Chapter 21). This virus is now known as the _ patients with IM. Liver enzymes and bilirubin levels may be 
Epstein-Barr virus (EBV). In addition to Burkitt’s lymphoma, __ elevated because of liver involvement. 
EBV has been associated with other malignancies, B-cell Infectious mononucleosis is uncommon in older adults and, 
lymphoproliferative syndromes, and persistent clonal popu- therefore, the differential diagnosis of lymphocytosis is influ- 
lations. The malignancies appear to occur after the virushas _enced by the age of the patient. For example, in a 50-year-old 
been dormant in the host for years. patient with increasing numbers of benign-appearing lympho- 

Regarding acute viral illness, EBV was first linked as the cytes, the diagnosis of chronic lymphocytic leukemia (CLL) 

causative agent for IM by Henle in 1967.” He was able to _is more likely than IM; however, in a child or young adult, 
establish a lymphocyte cell line from the blood ofa laboratory _ CLL is extremely rare. It should be noted that many children 
worker who was infected with EBV and managed to show by _ contract IM in early childhood, which is misdiagnosed as a 
serological studies that EBV was responsible for IM. Addi- __ bad cold or flu. In most cases, the development of antibodies 
tional evidence supporting the role of EBV in IM has been _ results in long-term immunity. 
provided by the detection of EBV nucleic acid sequences 
using polymerase chain reaction on lymphoid tissue from 
patients with IM.”! Unlike EBV-associated malignant condi- 
tions, IM results from primary infection. 


Laboratory Results 
The differential diagnosis for IM includes a variety of entities, 
which can be narrowed considerably by evaluation ofa periph- 
eral blood smear and serological findings. The skilled mor- 
“————ss===_ phologist should be able to readily differentiate the reactive 
lymphocytes seen in IM from malignant lymphoid cells seen 
in leukemia or lymphoma. Cytomegalovirus, rubella, hepati- 
gs to the herpes virus family. Humans can be tis, and other viral illnesses may have reactive lymphocytes 
‘one of two strains of EBV, type Aor B, which and may require additional serological findings to distinguish 
ad in North America and may coinfect the same _them from EBV infection. Acute streptococcal pharyngitis, 
BY primarily infects B lymphocytes and epi- diphtheria, and other bacterial infections are identifiable by 
of the pharynx and cervical lymph nodes, which —_ culture, and the lymphocytes usually do not have the reactive 
5D21 receptor.” Less than half of the patients morphology seen in viral infections. Classical reactive lym- 
Primary infection with EBV will develop _ phocytes and definitive serological findings may not always 
rity of atypical lymphocytes associated with —_ he present; therefore, it may be difficult in some instances to 
identified as CD8 + cytotoxic lymphocytes, —_ distinguish between IM and other processes. 
cells and NK cells are also present.” 


rinleal Findings > ADVANCED CONTENT 

a mononucleosis is more commonly present in young | In the absence of positive heterophile antibody (monospot 

of uals, With the peak incidence between 17 and 25 years test), testing for EBV specific antibodies by immunoassay 
© Propensity of IM to develop during adolescence is valuable; the most useful antibodies are VCA IgM, VCA 


te waht t be related to the immune system’s reaction to IgG, and EBNA-1 IgG.” In rare cases, additional studies, 

lymphoid 5 The Virus enters the body orally through the such as lymph node biopsy, may be indicated.” 

Phocytes, ane in the pharynx and, in turn, infects itu 

i ~ oe Onset i he most consisten ; 

oe Symptoms bets gen aghaenn denopathy, fever, Treatment, Clinical Course, and Prognosis : 

Persist malaise, and excessive fatigue that may Treatment of IM is mostly sympiomatte, with some patients 

leads for 2 to 3 Weeks. The severity of the sore throat pain requiring bedrest. Little progress has been made in decreas- 

Non} to difficulty in swallowing and anorexia. Other com- ing the duration of illness, with antiviral therapies or interferon 

Bia «observ d symptoms inc! “Ae nausea, headache, myal- _ to treat complications showing ew benefits. > In severe cases 

Mild a)... 4nd chills. Infrequently. individuals present with marked by airway obstruction & corresponding autoimmune 
‘ ‘ phenomena (thrombocytopenia or anemia), corticosteroids 


| : hemolytic anemia because of cold-reacting 
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have been used as treatment, although their success remains 
controversial.”' Antibiotics are not useful unless there are com- 
plications or coinfection. In acute cases, complete recovery 
usually occurs within 2 months, and recurrences are extremely 
rare. Chronic, active infections are refractory to therapy and 
carry a poor prognosis.” EBV infections in immunocompro- 
mised patients may be life-threatening. 


A A ET LE ES 
CRITICAL THINKING QUESTION 


16-2 Is infectious mononucleosis transmissible by the sharing 
of a straw? 


Cytomegalovirus Infection Like EBV, Cytomegalovirus 
(CMV) also belongs to the herpes virus family and is endemic 
worldwide. The virus may be transmitted by oral, respiratory, 
and sexual means or by blood transfusion and organ trans- 
plantation. Patients with CMV infection may have recurrent 
infection or reactivation of a latent infection, as seen in her- 
pes simplex infection, or may be reinfected with a different 
CMV strain. CMV infection is the most common cause of 
heterophile-negative IM. The diagnosis is made by demon- 
strating the presence of IgM antibodies to CMV or by real-time 
polymerase chain reaction (PCR). 


Clinical Findings 

In the majority of immunocompetent individuals, CMV infec- 
tion is usually asymptomatic. The clinical manifestations 
reflect the involved organ(s). When CMV infection occurs 
in previously healthy individuals, the symptoms mimic EBV 
infection. Symptoms include fever, sore throat, splenomegaly, 
lymphadenopathy, and myalgia. 


Laboratory Results 

Morphological changes in lymphocytes are indistinguishable 
from those seen in EBV infection. Because of liver involve- 
ment, mild to moderate elevations of liver function tests are 


common. 


Treatment, Clinical Course, and Prognosis 

In immunocompromised individuals, CMV is a significant 
cause of morbidity and mortality, especially with the increase 
in the numbers of individuals who are immunocompromised 
from chemotherapy, immunosuppressive drugs, hematopoi- 
etic cell transplant, solid organ transplant, neonates, and pri- 
mary immunodeficiency, including human immunodeficiency 
virus (HIV) infection.” Transmission in immunocompromised 
subgroups can occur as the primary infection of a previously 
seronegative individual, by reactivation of latent virus, or as 
secondary infection by an alternate viral strain.”*”’ Because 
CMV infection is endemic, congenitally acquired infection is 
of concern and ranks as the most prevalent congenital infec- 
tion worldwide.” In healthy patients, similar to EBV, antibiot- 
ics are usually not prescribed and the virus is transient. 


Other Viral Infections Any viral infection has the potential to 
elicit an immune response, resulting in an absolute lymphocy- 
tosis. Lymphocytes that appear “stimulated” or reactive may 
be seen in CMV and infectious hepatitis, in addition to IM. 


With a negative Monospot test, other viral infection 
be considered,'”'* 


S shoulg 


Bacterial Infections Lymphocytosis in bacterial infecti 
occurs more commonly in chronic infections and dung 
recovery period following acute infections. The Omani 
most often responsible include Brucella species, Mycobos 
terium tuberculosis, and spirochetes."’ Leukocytosis marke 
by absolute lymphocytosis is often seen in children with Pere 
tussis infection (whooping cough).'””* Morphologically, om 
tussis lymphocytosis is characterized by mature-appearing 
lymphocytes, appearing similar to those seen in CLLsmalj 
lymphocytic lymphoma (SLL). Lymphocytic nuclei can algy 
appear cleaved. The lymphocyte populations are predominantly 
helper T cells.’* Prominent lymphadenopathy is notably 
unusual in children with pertussis or infectious lymphocytosis 


Morphological Comparisons Between Reactive Lympho- 
cytes and Malignant Cells Malignant disorders that may be 
confused with reactive lymphocytoses are listed in Box 16-14, 
In general, the malignant cells in leukemia and lymphomas 
are homogenous in appearance and, therefore, are morpho- 
logically distinct from the pleomorphic reactive lymphocytes 
seen in benign conditions. In contrast to reactive lympho- 
cytes, blasts have fine chromatin, prominent nucleoli, and less 
cytoplasm compared with reactive lymphocytes (Figs. 16-17 
and 16-18). Granular blasts and prolymphocytes can also 
be distinguished from reactive lymphocytes using nucleat 
and cytoplasmic features (Figs. 16-19 and 16-20). Patients 
with lymphoma may have a leukemic phase with circulating 
malignant cells that can often be distinguished by character 
istic nuclear clefts (Fig. 16-21). Malignant lymphoid cells 
leukemias and lymphomas are identified as monoclonal pop 
lations when immunophenotypically analyzed. C linically, the 
severe cytopenias that occur in acute leukemias are infrequeat 
in benign lymphocytosis. With anemia or severe thrombory 
topenia, the diagnosis of leukemia must be considered (* 
Chapter 17). 


X 16-14 Malignant Conditions That Can Be Conte 
With Reactive Lymphocytosis a 


* Acute Lymphocytic Leukemias 
* Acute Myelocytic Leukemias 
* Chronic Leukemias 
* Chronic lymphocytic leukemia (CLL) 
* Hairy-cell leukemia 
* Lymphocytosis of large granular lymphocytes 
* Polymorphocytic leukemia 
* Leukemic Phase of Lymphoma 
* Follicular lymphoma (typically small cleav' 
* Mantle cell lymphoma 
* Other non-Hodgkin's lymphomas (e.g. !arg® ce 
* Miscellaneous 
* Adult T-cell leukemia/lymphoma (ATL/L) 
* Mycosis fungoides 
* Sézary syndrome 


* Plasma cell leukemia | 


ed cell) 
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FIGURE 16-17 Acute lymphocytic leukemia. Lymphoblasts have fine FIGURE 16-20 Prolymphocytes with moderate amounts of cytoplasm 
chromatin with a moderate amount of cytoplasm and nucleoli. Note the and prominent nucleoli. 


prominent nucleolus in one of the lymphoblasts (arrow). 


: i Fe ' ae alt 


FIGURE 16-21 Circulating lymphoma cells. Note the prominent nuclear 
" clefting (patient with follicular lymphoma) 
ee is 
FIGURE 16-18 A i 
cute lymphocytic leukemia. Lymphoblasts have a high ; 

NC ymp 
ie (scant cytoplasm), fine chromatin, and indistinct nucleoli. Except Laboratory Testing and Results ; 

fine chromatin, note the similarity to mature lymphocytes. These A variety of laboratory procedures may help in the correct 

diagnosis of patients with an absolute lymphocytosis. CBC, 


Cells 
ce be confused with reactive lymphocytes. Note the large 
9€ cells” (arrows), serology, and microbiologic culture are often performed. Of 


these procedures, a CBC with differential and serological 
studies are the most useful. 

Proper evaluation of the peripheral blood smear is crucial 
for the correct differential diagnosis in patients with an abso- 
lute lymphocytosis. Especially in IM, reactive lymphocytes are 
prominent and should easily be identified by the experienced 
observer. A reactive lymphocyte with abundant cytoplasm (low 
N:C ratio) and indented cytoplasmic borders (large arrow) is 
shown in Figure 16-13, The less-experienced observer may 
mistake these unusual-appearing reactive lymphocytes for 
monocytes or blasts. However, as seen in Figure 16-22, mono- 
: Pon cytes typically have linear condensation of chromatin, whereas 

“: blasts have chromatin strands that are finer and evenly dispersed. 

_— Conversely, lymphoblasts or monoblasts may also be mis- 

?* re taken for reactive lymphocytes. Monoblasts have a low N:€ ratio, 

] -: as og but fine chromatin is present as well as prominent nucleoli 
Agy Wheel Fig. 16-23). The fine chromatin and prominent nucleo) 
opt 9 Acute a , , See en spa pee present ina lymphoblast are shown in Figure 16-17. Wig 
“cules ang oyna er reactive lymphocytes, a careful review of the cell morphology 
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FIGURE 16-22 This monocyte has very fine granular cytoplasm, cerebri- 
form nucleus, linear condensation of chromatin, and no nucleolus. 


FIGURE 16-23 Acute monocytic leukemia. These monoblasts have 
abundant cytoplasm (low N:C ratio), fine chromatin with some chromatin 
clumping, and prominent nucleoli, 


will reveal that, overall, the chromatin is not fine enough for 
the cells to be classified as blasts, and the overall morphology is 
variable and nof monotonous as seen in leukemias. 

Serological tests play a critical role in establishing the diag- 
nosis in patients with an absolute lymphocytosis. In the proper 
clinical setting, a positive Monospot (heterophile antibody) 
test with reactive lymphocytes in the peripheral blood (see 
Fig. 16-13) is diagnostic of IM. The Monospot test is most fre- 
quently used for diagnosing IM, because the rise in titer of het- 
erophile antibodies parallels the rise in titer of the more specific 
EBY antibodies. The Monospot test is much quicker, easier to 
use, and less expensive than measuring Viral-specific antibodies, 

In the first week of viral infections, 1gM antibodies are 
formed against viral capsid antigens, During the second week, 
as the immunological response matures, IgG antibodies are 
formed. A rise in titer should be demonstrated by compar- 
ing serum obtained during acute and convalescent phases, 
Also, by using enzyme-linked immunosorbent assay (ELISA) 
techniques, antibodies to CMV and hepatitis may be mea- 
sured. When results are indeterminate, viral genomes can be 
detected from peripheral blood using polymerase chain reac- 
tion (PCR) or in tissue using DNA probes, 


a 


If the Monospot test is initially negative, it gp, 
repeated in 1 week if IM is suspected. Serum may be ould 
for antibodies to specific EBV antigens; some of ter 
testing strategies are diagrammed in Figure 16-2 fs pee 
of antibodies formed by humoral responses can be me 
when it is necessary to further elucidate the etiology of | 
phocytosis in difficult cases or in cases in which the Mo 4 
test is negative (Table 16-8). In addition, testing for cyto 
alovirus should be considered since CMV does cause sini 
clinical features as IM. With leukemias and lymphomas floy 
cytometric immunophenotyping usually reveals a monacl 
nal cell population.'” As previously described in IM, Bee 
are infected by EBV with most of the reactive lymphocyte 
representing polyclonal T cells. 


CRITICAL THINKING QUESTION 
16-3 Could you see reactive lymphocytes on the peripheral 
blood smear of a patient infected with cytomegalovirus? 


Lymphocytopenia 

As mentioned previously, the normal percentage of lympho- 
cytes present on examination of the peripheral smear is 20% 10 
40% for adult patients.'’ Severe lymphocytopenia occurs when 
the absolute count is less than 1,000 lymphocytes/mm’ 
1.0 X 10° cells/L in adults,” with variances corresponding 
age present in pediatric populations, consistently decreasing 
from birth until reaching normal adult values.” The disordes 
associated with lymphocytopenia are listed in Box 16-15 
relative neutropenia and normocytic, normochromic anet® 
may also be present. 


INFECTIOUS MONONUCLEOSIS SYMPTOMS 
WITH LYMPHOCYTOSIS 


Monospo! Test 
(Heterophile Antibody) 


ona 


® eT 


n ti 
Infectious Repeat Kia 
Mononucleosis t Mey 
® 
{ ig 
Infectious wot 
Mononucleosis “ y 
n { 
Heterophile Negative on | 
ie ) 
: 4 
Hepat af 
OMV Foxopla™, 
ononucleosis viral OU" 
i! et? 


ofl 
iS 

FIGURE 16-24 Testing strategies for the differentia! diagno®" | 
mononucleosis. | 
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TABLE 16-8 Summary of Antibody Tests Useful in the Differential Diagnosis of Infectious Mononucleosis 


Antigen _ Test Used Description Clinical Significance 


Heterophile Monospot Antibodies to a variety of antigens Appears late in the first week; detected with Monospot 
test; transient 


EBV-VCM (IgM) ELISA IgM antibody to viral capsid antigen Detectable in first week of infection; earliest detectable 
antibody; declines rapidly after second week 


EBV-VCA (IgG) ELISA IgG antibody to viral capsid antigen Detectable approximately 7 days after exposure; levels 
persist for life; responsible for immunity 


EBNA ELISA Antibody to EBV nuclear antigen Appears late in first month of infection and persists for 
life; may indicate past infection 


EBV-EA ELISA Antibody to EBV early antigen complex Seen in < 5% of normal, healthy subjects; may indicate 
EBV-carrier state 


5 Causes of Secondary Reactive Lymphocytopenia (Absolute Counts < 1.0 X 10°/Lin Adults; < 2.0 X 10°/Lin Children) 


* Infections * Systemic Diseases 
* HIV * Sarcoidosis 
° TB * Renal disease 
* Hepatitis + Burns 
* Influenza * Celiac disease 


* Typhoid fever 


* Pneumonia 
* Babesiosis 
+ Sepsis 
+ Autoimmune Disorders + Malignant Disorders 
* SLE * Hodgkin's lymphoma 
* Rheumatoid arthritis * Carcinoma 
* Myasthenia gravis 
* Medical Treatment Complication * Other 
* Chemotherapy * Congenital immunodeficiency disorders 


* Nutritional deficiencies 


* Radiation therapy 
+ Idiopathic CD4+T lymphopenia 


* Glucocorticoid 

* Anesthesia and surgery 
* Antilymphocyte globulin 
* Thoracic duct drainage 


SUMMARY CHART © _ 


* Neutrophils are capable of amoeboid movement into ¢ An absolute cell count is determined by multiplying 
the percentage of cells (from the peripheral blood 


the tissues to engulf and destroy bacteria and fungus, . 
differential) by the total leukoeyte count (from the 


s . es : ; 
Phagocytosis occurs in three distinct phases: migration sniicaliode ice WRALEA 
and diapedesis; opsonization and recognition; and SOPs Se ge 
gestion, killing and digestion, ¢ Neutrophilia is an increase in the number of circulating 
° : ; neutrophils. 
The three modes of migration that contribute to tk | 
efficient neutrophil mobilization to a site of injury e Neutropenia, which can be acquired or congenital, 
4re random locomotion, directional chemotaxis, and is defined as an absolute decrease in the number of 
ecelerated chemokinesis circulating neutrophils 
s ¢ In response to bacterial infection, reactive changes in 


A shift to the lefi is defined as the early release of 
ands and Metamyelocytes from the bone marrow into 


“irculation in response to infection or inflammation, 


_ —_— 


neutrophil morphology ean be observed in the forms af 
toxic granulation, Déhle bodies, and vacuolization 


 heetdteteeed 
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SUMMARY CHART—cont’d 


e Chediak—Higashi syndrome is a rare disorder of 
neutrophil function that is characterized by recurrent 
bacterial infections, partial albinism, and the presence 
of giant lysosomal granules in nucleated cells. 


e Chronic granulomatous disease, the best understood 
disorder of neutrophil function, is a defect that is 
attributed to one of four mutations in NADPH oxidase, 
resulting in ineffective bacterial killing. 

e Myeloperoxidase deficiency impedes phagocytic 
killing; patients are rarely symptomatic but can 
present as pseudoneutropenic using some automated 
differential platforms. 


e In Pelger—Huét anomaly, more than 70% to 90% 
of neutrophils have a bilobed nucleus or no nuclear 
segmentation at all. 


e InAlder’s anomaly, prominent, dark-staining, coarse 
cytoplasmic granules are observed in neutrophils. 

e Individuals with May—Hegglin anomaly demonstrate 
large, dark blue-staining cytoplasmic inclusions in 
granulocytes, thrombocytopenia, and giant platelets. 

e Lymphocytosis is known as an increase in the number 
of circulating lymphocytes. 


CASE STUDY 16-1 


HISTORY OF PRESENT ILLNESS 
A 3-year-old boy was admitted with a diagnosis of liver 
abscess after ultrasound examination. On physical exam- 
ination, lymph nodes and liver were enlarged. The skin was 
covered with scattered areas of crusted scabs evident of an 
infected eczematoid rash. A skin scraping of the infected der- 
mis revealed gram-positive cocci in clusters (Staphylococcus). 
A review of the patient’s chart showed recurrent episodes 
of infection since birth. Types of infection included upper 
and lower respiratory infections with staphylococci and 
enterobacteriaceae, fungal tissue abscess, and osteomyeli- 
tis. Despite these episodes of infection, he experienced nor- 
mal growth and development. The family medical history 
was remarkable in that an older brother and a cousin (a son 
of a maternal aunt) had suffered similar chronic infections, 
and one had died of chronic pneumonia. 


LABORATORY DATA 

The hemoglobin level was 9 g/dL; the erythrocyte morphol- 
ogy was normal with slight hypochromia, The total WBC 
count was 33.0 X 10°/L(28.0 X 10°/L neutrophils). The neu- 
trophils contained moderate toxic granulation and vacuoles. 
The platelet count was 427 x 10°/L. Concentrations of serum 
immunoglobulins and complement components were all 
moderately increased. Neutrophilia was consistently found 
on several occasions on retrospective review of previous 
laboratory data. Neutropenia was never documented. Studies 


e Lymphocytopenia is a decrease in the number of 
circulating lymphocytes. 

e The term reactive lymphocytes is used to describe Se 

formed or benign lymphocytes, which usually sha: 

for less than 10% of the total lymphocytes present, 


e Reactive changes in lymphocyte morphology are 
heterogeneous and include a low N:C ratio; round, 
indented, or lobulated nucleus; abundant, uneven sais. 
ing cytoplasm with a round or indented cytoplasmic 
border; and the possible presence of nucleoli. 


e Malignant cells in leukemia and lymphoma can be 


distinguished morphologically from reactive lympho- 
cytes in as much as malignant cells are monotonous in 
appearance, similar in size and shape, as they originate 
from a single clone. 


e Reactive changes in lymphocytes commonly accompany 


infectious mononucleosis, cytomegalovirus (CMY), 
rubella, hepatitis, and other viral infections. 


e Caused by the Epstein—Barr virus (EBV), infectious 


mononucleosis is characterized by sore throat, fatigue, 
fever, headache, difficulty swallowing, and generalize 
malaise in teenagers and young adults. 


of neutrophilic migration and phagocytosis were norma 


Oxidative metabolism in response to neutrophilic sum” 
tion was completely absent. Specifically, there was P 
phagocytic increase in oxygen consumption, and supe : 

anion and hydrogen peroxide were not formed. Fina!) ve 
trophils were unable to oxidize ond kill Staphylocors ae 4 
had been phagocytized. Neutrophils from the mother" 


stimula 


ide 
OMe 


analyzed and performed at about 50% of normal capa 

QUESTIONS 

1. In reviewing the laboratory results, W hat can you 
identify about the patient? paiva 

2. Are the neutrophils working well in their role 
phagocytosis? Why or why not? ef 

3. What diagnosis is anticipated for this patient 

ANSWERS 

|. The patient has anemia and neutrophilia. ple of 

2. The neutrophils migrate normally, 4‘ vai The 
phagocytosis, and form phagocy!¢ ia vpable Ls 

I, no 


neutrophils of these patients, howeVEh Ten 
kill the phagocytized microorganisms @ t i ibe 
able to generate active oxygen metabolites s 
superoxide anion and hydrogen peroxide ). oft 
3. This patient exhibits characteristic features : 
X-linked recessive form of chronic eran Pes 
disease of childhood, with severe and PSF 95 
infections caused by Staphylococcus organ 


> 


tous 


ay OF PRESENT ILLNESS 
HI 9.year-old college student was seen in the student clinic 
Al complaint of a sore throat, a 1-week history of gen- 
Si malaise, and fever. She also complained of some nay- 
ai difficulty in drinking fluids. Physical examination 
ed bilateral, enlarged, firm cervical lymph nodes, 


mild splenomegaly, and hepatomegaly, 


LABORATORY DATA 
The laboratory data revealed a WBC count of 15.0 x 10°7L; 
q hematocrit of 42%; a platelet count of 215 x 10°/L, and 
a reticulocyte count of 2.0%. A differential count of the 
. blood revealed 65% lymphocytes, 25% granu- 
and 10% monocytes. The differential report noted 
that 36% of the lymphocytes were reactive (see Fig. 16-13). 
Chemistry results showed that liver enzymes and bilirubin 


REVIEW QUESTIONS 


a 


Migration from marginating pool to circulatory 
pool 
Release from bone marrow 


NADPH oxidase and hydrogen peroxide 
3 me b and collagenase 
© Myeloperoxidase and lysozyme 
3 Alkaline phosphatase and gelatinase 
| tis the term for the directional migration toward 
“Sradient stimulated by a chemoattractant? 
- Chemotaxis 


- ne term for the marking of an invading 
Ogtton? IgG and complement to facilitate 
b, Chemokinesis 
¢ ppsotization 
a. Signy some fusion 

Uction 


7, What ar 
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levels were slightl 
noted. 


y Increased. No other abnormalities were 


sf se examination, additional laboratory work 
raat ee The throat culture for streptococci was 

F Onospot test was positive. After a period of 
recovery, the patient was allowed to return to school. No 
further problems were noted. . 


QUESTIONS 


1. What diagnosis is anticipated for this patient? 
2. What would be the diagnosis if the Monospot and 
EBV-VCA tests were negative? 


ANSWERS 

1. EBV causing infectious mononucleosis. 
2. Cytomegalovirus (CMV) patients exhibit the same 
clinical features and laboratory findings as EBV. 


5. Which sequence reflects the correct order for 

phagocytosis? 

a. Release of cytoplasmic granules; binding of particle; 
ingestion; fusion of phagolysosome 

b. Ingestion; binding of particles; fusion of phagolyso- 
some; release of cytoplasmic granules 

c. Binding of particle; ingestion; fusion of phagolyso- 
some; release of cytoplasmic granules 

d. Fusion of phagolysosome; binding of particle; 
release of cytoplasmic granules; ingestion 


6. In oxygen-dependent killing, what is the enzyme 


responsible for meditating the production of active 
oxygen metabolites during the respiratory burst? 
a. Serine protease 

b. Lysozyme 

c. Lactoferrin 

d. NADPH oxidase 


e the two most important biochemical products 


of the respiratory burst that are involved with particle 


: 2 ate 
digestion during active phagocytosis? 

a. Lactoferrin and gelatinase 

b, Superoxide dismutase and catalase 

idase and copper-zinc enzymes 


~ Glutathione perox! 
d Superoxide anion and hydrogen peroxide 


Continued 
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REVIEW QUESTIONS—cont’d 


8. What are the morphological characteristic(s) associated 


NS 


10. 


11. 


12 


13. 


with Chediak—Higashi syndrome? 

a. Giant lysosomal granules 

b. Hypersegmented agranular neutrophils with 
vacuolization 

c. Prominent dark-staining granules and pyknotic 
nuclei 

d. Pale blue inclusions in cytoplasm of neutrophils 
and giant platelets 


Myeloperoxidase deficiency causes defective: 
a. Migration of neutrophils 

b. Fusion of phagosomes and lysosomes 

c. Production of hypochlorous acid 

d. Neutrophil degranulation 


What disease characteristic(s) is/are associated with 

Chediak—Higashi syndrome? 

a. Partial albinism, recurrent infections, and mild 
bleeding tendencies 

b. Granulomas, osteomyelitis, and hepatic 
abscesses 

c. Hypopigmentation of skin and chronic, swollen 
lymph nodes 

d. Periodic pneumonia that may result in lesions 
called pneumatoceles 


Which of the following describes Pelger—Huét 

anomaly? 

a. Large neutrophils and hypersegmentation of the 
nucleus with greater than six lobes 

b. Dark-staining, coarse granules in cytoplasm 
of neutrophils, eosinophils, basophils, and 
monocytes 

c. Pale blue inclusions of the cytoplasm of 
neutrophils and giant platelets 

d. Hyposegmentation of the nucleus with the 
majority of neutrophils being bilobed or 
monolobed 


Reactive lymphocytes can best be distinguished 

from blasts by the presence of which of the following 
morphological features? 

a. Prominent nucleoli 

b. Fine chromatin 

c. Heterogeneous cell population 

d. High N:C ratio 


Which of the following antigens is detectable first by 
ELISA? 

a. EBNA 

b. EBV-VCA (IgM) 

c. EBV-VCA (IgG) 

d. Heterophile 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21 


The Epstein-Barr virus infects which of the follow, 
a. Helper T lymphocytes 

b. Cytotoxic T lymphocytes 

c. B lymphocytes 

d. NK cells 


In which of the following conditions are reactive 
lymphocytes found? 

a. Pelger—Huét anomaly 

b. Neutropenia 

c. CMV 

d, Alder-Reilly 


IN cells 


What is the most frequent cause of a heterophile 
(Monospot) negative mononucleosis-like syndrome? 
a. HIV 

b. CMV 

c. Hepatitis C 

d. Toxoplasma gondii 


Which of the following best describes absolute 

lymphocytosis? 

a. Greater than 70% lymphocytes on differential 

b. Presence of nucleoli in lymphocytes 

c. Monoclonal population of lymphocytes 

d. Greater than 4.0 X 10° lymphocytes per liter in an 
adult 


Lymphocytosis characterized by small, mature appeatim 
lymphocytes is demonstrated during which infection’ 
a. Epstein—Barr virus (EBV) 

b, Cytomegalovirus (CMV) 

c. Bordetella pertussis 

d. Staphylococcus aureus 


Which clinical manifestations would be unexpected 
infectious mononucleosis? 

a. Skin rash 

b. Sore throat 

c. Fatigue 

d, Fever 


< in hommes 
Which feature best differentiates malignant ly™P™ 


from infectious mononucleosis? 
a. Polyclonal population 

b. Heterogenous appearance 

c. Genetic mutation 

d, Cellular morphology 


a}eos!> 
Which viral agent causes infectious mononucle? 
a. Heterophile virus 
b. Human herpes-6 virus 
c. EBV 
d. HIV 


See answers at the back of this book. 


ae 


CHAPTER 17 


Introduction to Leukemia and the Acute 
Leukemias 


Bridget Herschap, MD + Alma Sanchez-Salazar, MD + Celina Villa, MD 


CHAPTER OUTLINE 


Overview of Leukemia 
Incidence and Prevalence 
Clinical Findings 
Historical Perspectives 
Etiology and Risk Factors 


Six Major Categories of the WHO 


Classification 

AML with Recurrent Genetic 
Abnormalities 

AML with Myelodysplasia-Related 


Abnormalities 

T-Lymphoblastic Leukemia/ 
Lymphoma 

Burkitt’s Leukemia/Lymphoma 
(Mature B-Cell ALL) 

Childhood versus Adult ALL 


— 


Acute Leukemia Changes s ; 
Incidence Therapy-Related Myeloid Neoplasms Acute Leukemias of Ambiguous 
Clinical Findings Acute Myeloid Leukemia, Not Lineage ' f 
Evaluation of Morphology Otherwise Specified Acute Leukemia of Ambiguous 

i 2 Myeloid Sarcoma Lineage, Not Otherwise Specified 

Acute Myeloid Leukemia Mveleid Prolifarations Related tod 4 

FAB Classification yeloid Proliterations Related to Down —- Treatment of Acute Leukemia 
a f Syndrome 
5 cute Lymphoblastic Leukemia, ase Study 17- 

eet eaory exouiation of Acute tymehonia (ALL/LBL) Case Study 17-2 
SETS) Review of Lymphocyte Ontogeny Case Study 17-3 
Specimens Clinical Findings Review Questions 
Cytochemistry , Morphology References 
immunological Marker Studies Historical Classification: FAB 
Flow Cytometry Classification of ALL 
Genetic Analysis World Health Organization 
Cytogenetics and FISH Classification of ALL 


Molecular Studies 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


17-1 Define leukemia and differentiate general require- 
ments for acute and chronic leukemia according to 
FAB and WHO classifications. 

17-2 Describe characteristic morphology and cytochem- 
ical staining patterns for the subtypes of acute 
myeloid leukemia. 

17-3 Assess the morphological and cytogenetic abnor 
Malities associated with the WHO categories of acute 
myeloid leukemias. 

17-4 Correlate cellular presentation of AML with diagnosis 
and prognosis implications. 


| svkemia isa malignant disease of hematopoietic tissue, 
ae acterized by replacement of normal bone marrow a 
Tor With neoplastic blood cells. These leukemic cells pass 

"the bone Marrow into the peripheral blood, and they can 


als, ;, F . - " 
© infiltrate Organ and reticuloendothelial tissue, including 


17-5 Evaluate the role of genetic analysis of newly 
diagnosed leukemia, including the prognostic impli- 
cations of the common genetic alterations seen in 
acute leukemias. 


17-6 Provide the flow cytometry and genetic analysis 
results seen in ALL. 


17-7 Correlate blast morphology in ALL with flow cytometry 
and genetic testing. 


17-8 Analyze the morphological and cytogenetic abnor- 
malities associated with ALL. 


17-9 Evaluate the stages of treatment for patients with 
acute leukemia. 


the spleen, liver, and lymph nodes. Leukemia can be a rapidly 
progressive disease characterized by the expansion of imma- 
ture cells or blasts (acute leukemia) or a slowly progressive 
disorder characterized by an abnormal expansion of mature 
cells (chronic leukemia). 


3$3 
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Today the clinical laboratory plays an important role 
in the diagnosis and classification of leukemia. The mor- 
phological analysis of leukemia is now augmented by 
cytochemical, cytogenetic, immunological, and molecular 
techniques. Together, these methods are used to delineate 


specific categories of leukemia for which distinct treatment 
protocols are used. 


Overview of Leukemia 


Leukemia can be divided into two major cell types: myeloid 
and lymphoid. The term “myeloid” (from myelo, Greek for 
marrow, and eidos, form) encompasses granulocytic, mono- 
cytic, megakaryocytic, and erythrocytic leukemias, whereas 
the term “lymphoid” encompasses leukemias of B-cell or 
T-cell origin. Each has an acute and chronic form, which leads 
to four major types of leukemias: 


1. Acute myeloid leukemia (AML) 

2. Chronic myeloid leukemia (CML) 

3. Acute lymphoblastic leukemia (ALL) 
4. Chronic lymphocytic leukemia (CLL) 


Incidence and Prevalence 

The overall incidence of leukemia in the United States is cur- 
rently 14 new cases per 100,000 individuals per year. In 2021, 
an estimated 61,090 new cases of leukemia were diagnosed in 
the United States.’ The number of new cases in 2021 for each 
type of leukemia are listed in Table 17-1. 

Most cases of leukemia occur in older adults with a 
median age at diagnosis of 67 years. Currently, the ratio 
of adult cases to childhood cases is 12:1.' The most com- 
mon types of leukemia in adults are acute myeloid leukemia 
(AML) and chronic lymphocytic leukemia (CLL). Chronic 
leukemia, whether of lymphoid or myeloid lineage, is gen- 
erally considered to be a disease of adults. CLL is extremely 
rare in children and is unusual before the age of 40. CML 
increases dramatically among individuals who are 60 years 
of age or older, with the most prevalent incidence in the 
70- to 90-year-old range.' In children, leukemia is the most 
common cancer and the second leading cause of cancer 
deaths after cancers of the brain and nervous tissue. The 
most common form of leukemia in children is acute lympho- 
blastic leukemia (ALL). 

The frequency of all types of leukemia is slightly higher 
among males than females, with approximately 58% of new 


TABLE 17-1 Number of New Cases of Each Type 
of Leukemia (2021) 


Type of Leukemia Number of Cases 


Acute myeloid leukemia , 20,240 


j Acute lymphocytic leukemia 5,690 


Chronic myeloid leukemia 9,110 


Source: The American Cancer Society, Cancer Facts and Figures 2021, Atlanta: The 
American Cancer Society; 2021. 


i: 


cases of leukemia diagnosed in males in 2021. Int 
race and ethnicity, leukemia rates are higher thy 
Hispanic whites than among Hispanics, non-Hispanj 
and American Indians/Alaskan natives, and the lowe 
Asian and Pacific Islanders. In the United States, ay 

mated 397,501 individuals are living with leukemia . ae 
remission.' te ig 
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NE non. 
c blacks 
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Clinical Findings 

The clinical and laboratory features of acute and Chronic ley 
kemia differ in several respects, as summarized in Table 1 
Patients with acute leukemia usually present with a suddey 
onset of symptoms, and the disease runs a rapidly fatal coun 
of 6 months or less, if left untreated. In contrast, patients yj 
chronic leukemia tend to have an insidious onset and a mog 
indolent clinical course, usually lasting 2 to 6 years. Meay 
survivals in both acute and chronic leukemia are improving 
diagnostic sensitivities increase and patients are diagnosed « 
an earlier stage in their disease. 

Patients with acute and chronic leukemia also show dif 
ferences in their hematologic parameters. In general, bon 
marrow failure and its sequelae are much more prominent i 
the initial presentation of acute leukemia than in that of te 
chronic form. In acute leukemia, there is a loss of normal bone 
marrow function. Anemia is consistently observed in the acutt 
leukemic patient, although its severity is variable. Thrombv- 
cytopenia is common. The white blood cell count varies: 
can be markedly elevated with numerous blasts, normal, of, 
some cases, even decreased. Typically, the various normal cl 
culating white blood cells are diminished in number resulting 
in a neutropenia. In chronic leukemic patients, anemia offea 
mild at presentation. The platelet count is usually normal, be 
it may be increased in CML. Chronic leukemias charactenst- 
cally present with elevated white blood cell counts, which at 
often very high (>50,000/:L). 

Both acute and chronic leukemia patients cal displ 
enlargement of the spleen, liver, or lymph nodes. Howey 
this condition is more consistently seen in patio! q 
chronic leukemia, in whom organomegaly tends to be ™ 
prominent and can occasionally be massive. 


TABLE 17-2 Clinical Featuresif Acute and Chron 


Leukemia 

Acute Leukemia —_Ghronicte¥ a 
Age Allages "Ee Adults | 
Cinta onsew ; Spider Insidious | 
Course (untreated) <6mo 2-65 
U eukemic cells. . Immature Mature 
Anemia ia ‘Mild to severe Mild 
EZ Thrombocytopenia "Mild to severe mild | 
WIS Reale aoe : increase? 


White blood cell Variable 
count 


eee nent 
Organomegaly Mild Prom 


CRITICAL THINKING QUESTION 

17-1 How do acute and chronic leukemia present differently? 
See answers to all Critical Thinking Questions at the back 
of this book. 


Historical Perspectives 
The invention of the compound microscope in 1590 by Hans 
and Zacharias Janssen allowed for the initial morphological 
examination of blood.* Subsequently, the initial description 
of leukemia as a clinical entity was made by John Bennett 
in Scotland and Rudolf Virchow in Germany, who inde- 
pendently published their findings in 1845. They described a 
series of autopsy studies of victims of a progressive chronic 
disorder of unknown origin in which enlarged spleens and 
purulent-appearing blood were found. The blood, when exam- 
ined microscopically, revealed an astounding increase in “‘col- 
orless” corpuscles. Bennett initially suggested that the marked 
increase in white blood cells was the result of an inflammatory 
process. Virchow chose the term Weisses Blut (white blood), 
which was later translated into Greek as /eukemia. He pro- 
posed that leukemia was caused by a neoplastic proliferation 
of white blood cells. The ensuing debate between Bennett 
and Virchow continued for several years, but eventually even 
Bennett rejected inflammation as the etiology of leukemia. 
Virchow continued his study of leukemia and defined two 
groups characterized predominantly by either splenic or nodal 
inyolyement. Today, these are recognized as chronic myeloge- 
nous leukemia and chronic lymphocytic leukemia, respectively. 
In 1857, the pathologist Nikolaus Friedreich introduced 
the first classification of leukemia. Further classification was 
made possible in 1877 by Paul Ehrlich’s discovery of a tri- 
acid stain that permitted the morphological characterization 
of blood cells under the microscope? Examination of the 
morphology enabled investigators to show that acute leuke- 
mia was associated with immature cells, whereas chronic leu- 
kemia was associated with mature, well differentiated cells. 
At the turn of the century, Naegeli described the myeloblast 
and divided the acute leukemia into myeloblastic and lym- 
Phoblastic forms. A decade later, Shilling described a mono- 
blastic (blasts with the morphological features of immature 
Monocytes) variant of the myeloblastic form, Thus, the main 
Morphological variants of acute and chronic leukemia were 


well established by 1930. Since that time, classification of 


leukemia has been refined, and clinically distinct subgroups 
have been characterized, 
A roday, the clinical laboratory plays an important role 
€ diagnosis and classification of leukemia, The mor- 
Phological analysis of leukemia is now augmented by 
Ytochemical, cytogenetic, immunological, and molecular 
eon Together, these methods are used to delineate 
© categories of leukemia for which distinct treatment 
Protocols are Used. 
Cal eran the most significant application of the biologi- 
Outcome as of leukemia has been the improvement in 
Plex the, ibs Tesult of continued advances in treatment. Com- 
Tapeutic protocols with multiple cytotoxic drugs and 


> 
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radiation, as well as more “targeted” and less toxic approaches 
such as tyrosine kinase inhibitors and protease inhibitors, 
are used. Bone marrow and stem cell transplantation have 
improved the survival of many patients with leukemia, espe- 
cially those with acute forms. The effectiveness of treatment 
is most notable for children with acute lymphoblastic leuke- 
mia (ALL). Before the 1960s, childhood ALL was univer- 
sally fatal, but with modern treatment regimens, the survival 
rates have dramatically improved over the past 30 years. 
The majority of children with ALL younger than 15 years of 
age are now cured.’ The survival rates, however, are not as 
impressive for adults with ALL and AML. For example, ALL 
patients older than 60 years of age have 5-year survival rates 
of approximately 20%.‘ Similarly, AML patients older than 60 
show poor survival rates in most instances.’ 


Etiology and Risk Factors 

The origin of leukemia at the genetic level appears, in most 
cases, to be related to mutation and altered expression of onco- 
genes and tumor suppressor genes. Most oncogenes regulate 
cell proliferation and differentiation. Abnormal oncogene or 
tumor suppressor gene expression induced by translocation 
and genetic fusion, or mutation often results in unregulated 
cellular proliferation. Although the events that lead to this are 
not entirely understood, a number of host and environmental 
factors have been identified that are associated with increased 
risk of leukemia transformation. The epidemiological aspects 
of acute leukemia have been reviewed. and the host and envi- 
ronmental factors associated with increased risk of leukemia 
are summarized in Box 17-1. 


Acute Leukemia 


Incidence 

Acute leukemia occurs in individuals of all ages, but ALL 
is more common in children and AML is more common in 
adults, Seventy-four percent of childhood leukemias are clas- 
sified as ALL, whereas nearly 80% of AML cases occur in 
adults.! 

The incidence of acute leukemia increases exponentially 
with age, and the median age at diagnosis of acute myeloid 
leukernia (AML) in the United States is currently 68 years.! 
Males have a slightly increased incidence compared with 
females. In 2021, there were a total estimated number of 
20,240 new cases of AML and 5,690 new cases of ALL in the 
United States.' 


Clinical Findings 

The majority of patients with acute leukemia display clini- 
cally abrupt onset of signs and symptoms of only a few weeks’ 
duration, Patients often seek medical attention because of 
weakness, bleeding abnormalities, or flu-like symptoms. 
These abnormalities reflect the failure of the bone marrow 
to produce adequate numbers of normal! cells and are caused 
by the proliferation and accumulation of leukemic cells in 
the marrow. Leukemic replacement eventually results in mar- 
row failure and the resultant life-threatening complications 
of anemia, thrombocytopenia, granulocytopenia, and their 
sequelae. Anemia, the most consistent presenting feature, 
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7-1 Host and Environmental Factors Associated 


with an Increased Risk of Leukemia 


Inherited Predisposing Syndromes 
* LiFraumeni Syndrome 

* Neurofibromatosis Type 1 

* Noonan Syndrome 

* Bloom Syndrome 

* Dyskeratosis Congenita 


Bone Marrow Failure Syndromes 

* Fanconi Anemia 

Diamond Blackfan Anemia 

* Shwachman Diamond Syndrome 

+ Amegakaryocytic Thrombocytopenia 

* Thrombocytopenia With Absent Radii Syndrome 
* Severe Congenital Neutropenia 


Abnormal Chromosomal Number 
+ Down Syndrome 

+ Klinefelter's Syndrome 

* Monosomy 7 


Immunodeficiency Syndromes 

* Wiskott-Aldrich Syndrome 

+ Bruton Agamma globulinemia 
+ Ataxia Telangiectasia 


Chronic Marrow Dysfunction 
* Myelodysplastic Syndrome 
+ Myeloproliferative Neoplasms 


Environmental Factors 

+ lonizing Radiation 

* Chemotherapy (alkylating agents, platinum derivates and 
topoisomerase II inhibitors) 


Adapted from Tebbi, CK. Etiology of Acute Leukemia: A Review. Cancers. 
2021;13(2256). https://www.mdpi.com/jounal/cancers. 
SS 


is associated with fatigue, malaise, pallor, and shortness of 
breath. Hemorrhagic complications related to thrombocyto- 
penia may be mild and restricted to easy bruising, petechiae, 
and mucosal bleeding, or they may be more severe, involving 
gastrointestinal tract, genitourinary tract, or central nervous 
system hemorrhage. Infections result from severe granulo- 
cytopenia. Bacterial infections are common (e.g., Staphylo- 
coccus, Pseudomonas, Escherichia coli, and Klebsiella), but 
fungal infections also occur (¢.g., Candida and Aspergillus). 
Viral infections are less frequent. 

Infiltration of other tissues, especially organs that play 
a role in fetal hematopoiesis, is often manifested by hepa- 
tosplenomegaly or lymphadenopathy, particularly in ALL 
and the acute monoblastic leukemia, a subtype of AML. A 
myeloid or granulocytic sarcoma is defined as a tumor mass 
of myeloid cells outside of the marrow and may be the first 
evidence of AML. Gingival hypertrophy and oral lesions are 
primarily seen in acute monoblastic leukemia. A mediasti- 
nal mass resulting from thymic involvement is a hallmark of 


precursor T-ALL. Bone or joint pain, caused 
the expanding leukemic cell population in the 
ity, commonly accompanies the acute leukem; 
infiltration of the central nervous system, an 0 
infrequently observed at initial presentation 


Y Pressure of 
Marrow ¢ 

as. Leukem 
Minous feature 


7 , > : > Is ASSOCiatey 
with signs and symptoms of increased intracr, 


anial Press 
Cranial nery, 
Ship to Patho. 


(nausea, vomiting, headache, papilledema) or 
palsies. These clinical features and their relation 
physiology are summarized in Table 17-3. 
Once the diagnosis of leukemia is suggested, a bone .. 

row aspirate and biopsy are obtained. Morphological eal 
ination of the bone marrow is usually required to establisy, ti 
diagnosis. In addition, a series of laboratory tests help classi. 
the disease, determine prognosis, and guide therapy, The ie 
tinction between AML and ALL is particularly important a 
is outlined in Table 17-4. 


Ener eeer een Aner 
CRITICAL THINKING QUESTION 
17-2 What CBC findings would you likely see in patients with 
acute leukemia? 


Evaluation of Morphology 

Cellular morphology is evaluated on a Romanowsky 
(Wright-Giemsa)-stained blood or bone marrow smear in 
carefully chosen areas where cells are not distorted by over 
crowding. The experienced morphologist will often be able to 
identify blasts and classify the leukemic cell type as myeloid | 
or lymphoid; however, additional testing is always necesst} 
to confirm the diagnosis. 

Several morphological features are helpful in distinguist- 
ing lymphoblasts from myeloblasts (Table 17-5) These 
include the size of the blast, amount of cytoplasm, nucle 
chromatin pattern, and the presence of nucleoli. The bl 
myeloblast (Fig. 17-1) is a large cell (15 to 20 pm in diametet 


TABLE 17-3 Clinical Findings in Acute Leukemia 


Pathogenesis Clinical Manifestations 


Bone Marrow Failure 


Anemia Fatique, malaise, pallor 


Thrombocytopenia Bruising, bleeding 


Granulocytopenia Fever, infections 


Organ Infiltration 


Marrow expansion Bone or joint pain 


Spleen Splenomegaly 
Liver Hepatomegaly 
Lymph nodes si Lymphadenopathy 


, ms 
Neurological sym" 


Central nervous syste: al 
————— ertrophy: ° 


Gingival hyp 
lesions 


Gums, mouth 


———— .—. > 
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CHAPTER 17 


Comparison of Acute Myeloid and Acute 
‘tactic Leukemia 


Common in adults, 
age rare in children 


Common in children, 
fare in adults 


Anemia, Anemia, neutropenia, 
neutropenia, thrombocytopenia; 
thrombocytopenia; —_ lymphoblasts and 
myeloblasts and prolymphocytes 
promyelocytes 


F Medium-to-large Small or medium 

‘Morphology blasts, more blasts, scarce 
cytoplasm than cytoplasm, no £ 
lymphoblasts, granules; fine nuclear FIGURE 17-1 Myeloblast (note the Auer rod). 
cytoplasmic chromatin and 
granules, Auer indistinct nucleoli 
Tods; fine nuclear 
chromatin and 
distinct nucleoli 
Positive peroxidase —_ Negative peroxidase 
and Sudan black B and Sudan black B 


Common in spleen 
and liver; less 

common in lymph 
nodes and CNS 


Common in lymph 
nodes, spleen, liver, 
CNS, and gonads 


5 Morphological Features of Blasts in Acute 
nd Acute Lymphoblastic Leukemias 


FIGURE 17-2 Lymphoblasts (peripheral blood). 


_| Bast Nucl 


Usually larger, finely 
dispersed chromatin, 
Variable nucleoli 


Variable size small to 
medium, fine to more 
mature chromatin, may 
or not have nucleoli 


abnormal fusion of primary granules and are pathognomonic 
for a myeloproliferative process, particularly AML. On 
Romanowsky-stained smears, Auer rods appear as pink- 
or purple-staining rods or splinter-shaped inclusions (see 


Moderately abundant, 
fine small granules 
often present, may see 


Usually scant, coarse 
granules sometimes 
present (~7%) 


Fig. 17-1). They are present in up to 60% to 70% of patients 
with AML,* but it may take a long, careful review of the 
blood or marrow smear to find them; given their diagnostic 


Auer rods 


importance, this search is well worth the effort. In acute pro- 
myelocytic leukemia, Auer rods are easy to find, some cells 
having “bundles” of cigar-shaped rods. 


May see a dysplastic 
background 


cr 


‘a ed chess CR, editor, Practical Diagnosis of Hematologic Disorders. 
er: Press; 1995, p 381, with permission 


> ADVANCED CONTENT 
with 


Tete, Moderate amount of cytoplasm. Its nucleus has a fine, Occasionally, patients are diagnosed with a recognizable 
Oli are 5 chromatin pattern, and multiple distinct nucle- myelodysplastic syndrome. The myclodyeptastic YDS 
Bsmaige eyPTSENt. The typical iymphoblast (Fig. 17-2) is | dromes (MDS) are more common ins paces Chines 
Ofien cell with Sabcvtopiasm, The nuclear chromatin 50 years of age and are associated with unexplained and 
“Sally ina: denser than in the m eloblast and nucleoli are persistent anemia, leukopenia, ane Uromboey apenas Wone 
al Y indistj : y' Fy holoct: or in combination. These peripheral cytopenias are typically 

i Present.’ Fora review of morpholog associated with a hypercellular bone marrow. Progression 


‘ons - 7 ae 
or Uloeytie. ‘the blast stage, see C hapter 1. of MDS into acute leukemia occurs in 30% of patients.* The 
myelodysplastic syndromes are discussed in more detaj} in 


ur Op bili ifferentiation is suggested by the presence 
Ais the < Stanules. 4 very helpful morphological fea- 
Auey A Chapter 20, 


Tod; the presence of which excludes ALL. 
“Yloplasmic inclusions that result from an 
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Acute Myeloid Leukemia 
FAB Classification 
In 1976, a group of French, American, and British hema- 
tologists, prompted by the need for uniform nomenclature 
and classification of acute leukemia, proposed a morpholog- 
ical classification scheme for leukemia.'° This scheme, the 
French—American—British Classification, better known as 
the FAB Classification, proved to be useful in standardizing 
the morphological classification of both acute myeloid and 
lymphoid leukemias. The FAB groups and corresponding 
WHO subtypes'! are summarized in Table 17-6. In the years 
since it was first introduced, cytogenetic and molecular test- 
ing have allowed more detailed mapping of acute myeloid 
leukemia. The new standard for subtyping AML is the WHO 
Classification, which incorporates the new testing method- 
ologies. However, the FAB Classification remains relevant 
and classifies the not otherwise specified (NOS) category 
of AML. 

The FAB classification of AMLs is divided into the follow- 
ing groups: 


MO: Myeloid with minimal differentiation 

M1: Myeloid without maturation 

M2: Myeloid with maturation 

M3: Promyelocytic; M3m: promyelocytic microgranular 

variant 

e M4: Myelomonocytic; M4Eo: myelomonocytic with 
abnormal eosinophilia 

e M5: Monocytic (a) poorly differentiated and (b) well 

differentiated 

Mé: Erythroid 

M7: Megakaryoblastic 


TABLE 17-6 Classification of Acute Myeloid Leukemia 
Type of Leukemia Abbreviation FAB* Alternate Names 


AML with minimal Mo 
differentiation 


AML without M1 
maturation 


AML with maturation as M2 Rs. 
Acute promyelocytic APL M3 Hypergranular 
leukemia promyelocytic 


Naegeli-type 
leukemia 


Acute myelomono- AMML M4 
cytic leukemia 


Acute monocytic AMoL M5 Schilling-type 


leukemia ; leukemia 

Erythroleukemia AEL M6 Di Guglielmo’s 
syndrome, 
erythremic 
myelosis 


Acute megakaryo- AMegL M7 


blastic leukemia 


*French-American-British classification of acute leukemia. 


WHO Classification 


Advances in the understanding of the m ae 
features of hematopoietic malignancies haye Soak i 
WHO classification, which seeks to Bticorponate the 
information. Most pathologists and hematologi 
have adopted the WHO terminology in their TOutine 
Importantly, however, the FAB classification Rica 
evant because it is incorporated into the WHO oe teh 
“AML not otherwise categorized,” and many clinicne af 
researchers continue to reference the FAB system, In ai 
archived material and several older databases use the ie 
criteria. An important distinction to keep in mind jg the ‘a 
count in the blood or bone marrow for the diagnosis of AM 
is 20% in the WHO classification and 30% in the FAB clas 
fication. The exception in the WHO classification js 8 Subset 
of AML with recurrent genetic abnormalities, which may ia 
a lower blast count (see AML with Recurrent Genetic Abnoy. 
malities section later). In the WHO classification, recurring 
genetic abnormalities of the leukemic cells must be evaluated 
Cytogenetic studies including karyotype and FISH analysis 
should be initially performed and at regular intervals to nto. 
itor residual disease. Molecular techniques such as next gen- 
eration sequencing and RT-PCR have become the standard 
of care and provide diagnostic and prognostic informations 
well as identifying therapeutic targets in the leukemic cells 

The WHO classification incorporates six major categones 
in its classification of acute myeloid leukemias:"’ 


W 
Sts NCOldgie. 


1. Acute myeloid leukemias with recurrent genetic 
abnormalities 

2. Acute myeloid leukemia with myelodysplasia-related 
changes 

3. Therapy-related myeloid neoplasms 

4. Acute myeloid leukemia not otherwise specified 
(AML, NOS), 

5. Myeloid sarcoma ‘ 

6. Myeloid proliferations associated with Down syndrom 


6 cation Wilh 
Amore detailed description of the WHO classification’ 


a listing of disorders or subclasses under each majo" 
is presented later in the chapter. 


category 


CRITICAL THINKING QUES!) diag 

17-3 What Is the percentage of blasts required for the ii 
sis of AML according to the FAB and WHO classe 
systems? 


ja 
ukem! 
jsned® 


be esi ol! 


Laboratory Testing of Acute Le 
Although a diagnosis of acute leukeml may = 
a peripheral blood examination, well-preP’ wn of ob 
marrow aspirate material are still the specime 


; : : tlle 

the classification of leukemia. sation ° - f 
A systematic approach to the classificé rovidile oe 
begins with a review of cell morphology, Pe For exo 


t | 
OS ant © 
en ff iste nt 
mos 


tant clues leading to a cell lineage dia 
the presence of Auer rods in blasts 's 


5 


orphological evaluation should be followed by 
Jogical cell marker studies and, In some cases, cyto- 
i staining. Immunological analysis is routinely done 
i site leukemia cases using flow cytometry, which 

on new vetermination of blast immunophenotype. There are 
sllopisiee ful flow markers that help determine subclassifica- 
: : cluding cytoplasmic myeloperoxidase present in some 
tion, ew the presence of CD19 and cytoplasmic CD22 
4cD79a 7 B lymphoblastic leukemia, surface or cytoplas- 
an cD3 in T lymphoblastic leukemia, and nuclear enzyme 
a fal deoxynucleotidyl transferase (TdT) present in most 


cases of lymphoblastic leukemia and occasionally expressed 


AML. 
¥ emical stains can be useful when flow cytometry 


analysis does not demonstrate a lineage-specific phenotype 
and can help define granulocytic and monocytic differentia- 
tion. When positive, cytochemical studies permit subclassifi- 
cation of most cases of AML Not Otherwise Specified (NOS) 
and help exclude ALL. 

Increasingly important are laboratory studies that help 
identify genetic abnormalities in the malignant blasts, partic- 
ularly in classifying acute myeloid leukemias and B lympho- 
blastic leukemias with recurrent genetic abnormalities. Such 
laboratory studies include conventional karyotyping, fluo- 
rescent in situ hybridization (FISH), and molecular genetic 
studies. FISH studies and chromosome analysis can help 
classify acute leukemia with recurrent genetic abnormalities 
and acute leukemia with myelodysplasia-related changes. In 
addition, they can provide prognostic information. Molecular 
diagnostic studies play an important and expanding role in 
primary diagnosis, target therapy, and detection of minimal 
Tesidual disease. 

The purpose and principles of these laboratory methods 
and detailed procedures are outlined in Chapters 34 and 35. 


Timer aucsn. 


1 . 

17-4 ad acute leukemia is suspected, what additional test- 
Ng should be done to confirm the diagnosis and classify 
the type of acute leukemia? 


F 


Specimens 
Care m 
oblained be taken to ensure that an adequate specimen is 


Xcel and that it is properly handled, Lack of technical 


Pecimen, ma 4S an inadequate or improperly handled 
orwarg AY obscure or complicate an otherwise straight- 


; Osis, 

i the diaminetetraacetic acid (EDTA) (purple top) tube 
wi +1 Of choice for most hematology testing. How- 
‘ant EDTA can cause subtle morphological 
sarong Cells and platelets. A specimen left in 
ang monocyte 30 minutes may show artifactual vacu- 
Possibie i ay, and neutrophils, nuclear shape changes 
®t, — as degranulation of platelets.'? T hese 
Mticoagula should be kept in mind if only a routine 

ted peripheral blood smear is available for 
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teview. A smear made from a nonanticoagulated fingerstick 
will not show these abnormalities. 

As discussed in Chapter 3, a bone marrow aspirate is often 
collected for confirmation testing for leukemias. During the 
bone marrow procedure, the aspirate is collected first and 
smears are made immediately to avoid clotting. As the aspi- 
rate smears are pulled, the presence of bone marrow spic- 
ules should be present to confirm the sample is indeed bone 
marrow. If spicules are not present, another aspiration may 
be necessary. For cytogenetic studies and FISH analysis, the 
marrow aspirate is anticoagulated by aspirating directly into 
a syringe coated with heparin. For flow cytometry analy- 
sis, specimens can be collected in either an EDTA tube or a 
heparin-coated tube. An EDTA tube is preferred; however, as 
a peripheral blood smear and CBC can be done on the same 
sample on peripheral blood, aspirate smears and cytochemical 
stains can be done from the same bone marrow sample. After 
sufficient aspirate material is collected, a bone marrow core 
biopsy is obtained. While smears from a bone marrow aspirate 
are much more common, a smear (touch preparation) from a 
biopsy core can help create a smear when aspirates are diffi- 
cult or a dry tap occurs. Care should be taken to ensure that 
the biopsy has an adequate amount of bone marrow. A biopsy 
consisting only of periosteum and cortical bone is useless and 
inadequate. The biopsy is gently rolled between two glass 
slides to make touch preps. 


Cytochemistry 

Special stains have been used to identify chemical compo- 
nents of cells such as enzymes or lipids. Although used less 
often today, these cytochemical stains are still an important 
aid in the classification of acute leukemia because they iden- 
tify cellular components that are associated with specific cell 
lines. When any of these stains are positive, even in a rel- 
atively small percentage of blasts, lymphoid origin is ruled 
out, with rare exceptions. Cytochemical stains not only help 
distinguish between ALL and AML but are also used to sub- 
classify AML NOS. 

The cytochemical reactions are performed by applying 
staining techniques to peripheral blood smears, bone mar- 
row smears, or touch preparations. Fresh preparations are 
preferred, especially for enzyme reactions. It is the leukemic 
cell population whose identity (cell lineage) is in question; 
therefore, a positive reaction is determined by finding positive 
staining in the leukemic blasts rather than in mature cells. The 
cytochemical reactions that are useful in the classification of 
acute leukemia are summarized in Table 17-7. 


Myeloperoxidase 

Myeloperoxidase (MPO) is an enzymatic stain that stains 
the peroxidase present in the primary granules of myeloid 
cells (Fig. 17-3). These granules first appear in the late 
blast/early promyelocyte stages and remain through cell 
maturation. Monocytes have variable staining with per- 
oxidase and are most often only weakly positive. This 
enzyme is not present in lymphocytes or their precursors 
and is, therefore, useful in differentiating AML from ALL 

It is more specific for granulocytic differentiation than the 
Sudan black B stain.” 


‘ 
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Site of Action 


Mainly primary granules; 
Auer rods 


Myeloperoxidase 


TABLE 17-7 Summary of Cytochemical Reactions Useful in Diagnosing Acute Myeloid Leukemia 


Sudan black B Phospholipids: sterols, neutral 


fats 
Specific esterase (Naphthol Cytoplasm 
AS-D chloroacetate) 
Nonspecific esterase Cytoplasm 
Alpha-naphthyl acetate (ANAE) 
and butyrate 
Periodic acid—Schiff Glycogen and related substances 


FIGURE 17-3 Myeloperoxidase positivity in acute promyelocytic leukemia. 


Sudan Black B . 
Phospholipids, neutral fats, and sterols are stained by Sudan 
black B (SBB) (Fig. 17-4). Phospholipids occur both in pri- 
mary and secondary granules of granulocytic cells and, to a 
lesser extent, in monocytic lysosomal granules. 

SBB is the most sensitive stain for granulocytic pre- 
cursors, with a staining pattern that generally parallels the 
myeloperoxidase stain. As with the peroxidase stain, SBB 
is used to differentiate AML from ALL. Positivity seldom 
occurs in lymphoid cells; SBB is less specific than MPO,” 
SBB stain, whose reactivity does not diminish with time, is 
particularly useful for specimens that are not fresh. 


Specific Esterase (Naphthol AS-D Chloroacetate) 

The specific esterase stain (Fig. 17-5), commonly referred 
to as chloroacetate esterase (CAE), roughly parallels the 
peroxidase and SBB stains, although it is not as sensitive. 
It is negative in eosinophils and monocytes but positive 
in neutrophils, basophils, mast cells, and their precursors. 


Cells Stained — Comment 


Late myeloblasts, granulocytes; Valuable in that the Prima 
monocytes less intensely granules are not always Visible. 
separates AML (+ blasts) fia 
ALL (— blasts) 
Late myeloblasts, granulocytes; Parallels peroxidase, but smein 
monocytes less intensely _ do not need to be fresh 
Neutrophilic granulocytes; Parallels peroxidase, but less 
mast cells sensitive; useful on paraffin. 
embedded tissues 
Monocytes; focal staining in Useful for determining degree Bi 
T cells; ANAE also + in of monocytic differentiation; 
megakaryocytes Separates mono (+) from myelo 
(-) blasts 
Lymphocytes, granulocytes, Helpful in supporting diagnosis | 
megakaryocytes of erythroleukemia 


(AML), M2. 


teks et 
FIGURE 17-5 Specific esterase (naphthol AS-D chioroa 


in AML, M2. 


etate) P- 


sence of diazonium salt, is enzymatically 
seing naphthol compounds and enzymati- 
: them a bright, granular red color, It useful 
jing myeloid differentiation and can be done 

,edded tissue sections” (tissue must not be 


Esterase (Alpha-Naphthyl Acetate 


necific esterase (NSE) stain (Fig. 17-6) is used 
fy monocytes and macrophages. It is diffusely 
jn these cells and negative in granulocytic cells. 

lis are negative, except for T lymphocytes, 
an demonstrate a focal dotlike cytoplasmic staining 


c Acid-Schiff 

odic acid-Schiff (PAS) reaction stains glycogen and 
smpounds. Strong PAS positivity may be present in 
: erythroleukemia, a potentially helpful feature 
ating erythroleukemia from pernicious anemia 
h the PAS reaction is negative in PA except in rare 
moblasts may also be positive in iron deficiency, 
severe hemolytic anemias, and some of the myel- 
ndromes. The PAS reaction is not very useful for 
acute leukemia, and it is no longer commonly 
sification. The typical block positivity (Fig. 17-7) 
with lymphoblastic leukemia may also occur in 
oid leukemia, especially the acute monocytic type 
ikem ia? The PAS stain, however, does not reli- 
AML from ALL, and typically other methods 
loyed to make clinically relevant distinctions. 

ical Marker Studies 

et of immunological methods are indispensable to 
and classification of acute leukemia. Antibodies 
s associated with cell lineage (lymphoid ys. 
2 ion stage. 

fal practice, there are essentially two techniques 
antigens either on the blast cell surface or within 
eplasm: flow cytometry and immunohistochem- 
flow cytometry is essential in the diagnosis of 


| See 


‘ ase a tivity in 
Cleukemia Gas) (alpha-naphthy! butyrate) positivity 
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FIGURE 17-7 Periodic acid-Schiff positivity in acute lymphoblastic leuke- 
mia (ALL). Note the “block” staining pattern. 


both acute and chronic leukemias. It allows the simultaneous 
immunophenotyping of a mixed population of cells where 
aberrant expression or loss of antigens can be analyzed on 
specific populations. In addition, it allows for evaluation of 
lineage specific markers that can help classify blasts as 
myeloid or lymphoid. Flow cytometry analysis requires a cell 
suspension and is best done on peripheral blood or bone mar- 
row aspirate. When a sample for flow cytometry is not avail- 
able, immunohistochemistry can be done to help evaluate the 
blast lineage. Immunohistochemistry is typically done on par- 
affin sections of the core biopsy and clot section made from the 
aspirate, or on paraffin sections of another tissue site biopsy 
material. The following paragraphs briefly introduce flow 
cytometry and the immunological cell marker. Their utility in 
the evaluation of acute leukemia is discussed in the individual 
sections on AML and ALL. 


Flow Cytometry 

Flow cytometry analysis is replacing conventional cytochem- 
ical methods for lineage determination such as AML from 
ALL, particularly when the leukemic cells are poorly differ- 
entiated or negative and indistinct with cytochemical stains, 
such as in the case of AML MO. It requires a cell suspension, 
typically from bone marrow aspirates or peripheral blood. It is 
important to have fresh specimens with viable cells; nonviable 
cells lead to nonspecific staining, which may make interpre- 
tation impossible. An immunofluorescent method (direct or 
indirect) is used to stain the cells, and a flow cytometer is 
used to analyze them. (See Chapter 34 for a review of flow 
cytometry.) : 

Flow cytometry allows the rapid evaluation of single cell 
makers on cell populations that allow their classification as 
myeloid cells or lymphoid cells. Cell markers are proteins on 
the cell membrane or cytoplasm that can be detected using 
metry and immunohistochemistry. The common 
-related markers are listed in Table 17-8. 

Different stages of maturation express different proteins 
Some proteins are present early in development, whereas 
rs do not appear until much later. Sull other proteins 
pear, and then reappear at @ later Stage of 


flow cyto! 
hematology 
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Monoclonal Antibodies Used for Study of Leukemia and Lymphoma 


tion Major Hematopoietic Reactivity Cluster Designation Major Hematopoietic Reactivity 


ThymicandLangerhans'cells PE hall Myeloid progenitors 
Tells Fe matopoletic progenitorstem cay 
CD38 Plasma cells, ALL, AML 
Da _Pitsand megalaryocytes tbs a 
es an 92S (CP) A yg 
CD43 T cells, myeloid cells a! 
Coismuemmn! | Weukoctey os 
CD56 “NK cells, T-cell subset 
Monos and grans, C3bi receptor CD57 Tcells, NK cells . : 
Monos, myeloid precursors, HCL CD61 Pits, AML (M7) Sit Bd, Z pe 
Most grans, minority of monos, and other CD64 Monocytes, early myeloid cells. 
Monos, minority of grans, and DRC CD79a B cells, ALL t _ sonatas, 
Myeloid cells, RS CD103 Intraepithelial lymphocytes, HCL fee 
B cells, early B-cell precursors CD117 AML, mast cells, early erythoid precursos . 
B cells, midstage B-cell precursors CD138 Plasma cells - 
C3d receptor on B cells and DRC MPO Granulocytes, AML 
B cells, ALL, HCL PAX-5 B cells and pene tnaones ra | 
B cells, EBV-transformed B lymphoblasts TdT Hematogones, ALL é a 
IL-2 receptor onT cells and other, HCL, NHL HLA-DR B cells, monocytes, macrophages, precursor 
Activated B and cells, RS, ALCL cells 


= f Pee B cells = B lymphocyte; cells =T lymphocyte; Pan = reactivity with many leukocyte populations; ALL = acute lymphoblastic leukemia; AML =2att 
myeloid leukemia; DRC = dendritic reticulum cells; grans = granulocytes; monos = monocytes; Pits = platelets; RS = Reed Sternberg cells; HCL = hairy cell leukemia: ALCL= 
anaplastic large cell lymphoma; NK = natural killer cells. 


development. This unique expression of proteins enables the When surface marker analysis is performed to es 
diagnostician to use these proteins as markers of both cell  guish AML from ALL by flow cytometry, it is imports!” 
lineage and maturation stage. A schematic representation of choose a panel of markers that includes antibodies a 
surface antigen expression in normal myeloid differentiation _ eral myeloid-associated antigens, B-cell antigens, and i 
eatin in Figure'17-8- antigens, Myelomonocytic antigens include CD13, 
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d CD64. B-cell antigens include CD19, 


cols: eo. T-cell antigens include CD2, CD3, CD4, 
p20, and sae “CDs. Although the immunophenotypes 


5, 4 w cytometry analysis do not correlate 
i aa a8 eiakstsication of AML with genetic 
ith the SPEC there are certain patterns that can be observed. 
ases of AML with monocytic differentiation 
esd monocyte-related surface markers such as 
ee ices CD13 and CD33, while being nega- 
-DR and CD34, a pattern that should warrant 
tive tion for t(15;17) in a blast population. Acute myeloid 
evalual ia with t(8;21) can express aberrant B-cell marker 
p19 in addition to myeloid markers. '»'* 
Cell marker studies can also be directed at cytoplasmic 
ntigens using either immunohistochemistry or flow cytom- 
_ When using flow cytometry, an additional step must be 
taken to fix and permeabilize the cells to allow antibodies 
to enter through the cell membrane and into the cytoplas- 
mic space. Often, the quantity of antigen on the cell sur- 
face and in the cytoplasm varies, and some antigens are 
exclusively cytoplasmic. Plasma cell neoplasms, for exam- 
ple, often have very weak surface and strong cytoplasmic 
immunoglobulin-staining intensity. 
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Cytoplasmic markers are very useful in assessing cell lineage. 
In T lymphoblastic leukemia, cytoplasmic CD3 is present early in 
T-cell development, and strong expression is seen in most cases 
of precursor T-cell lymphoblastic leukemia. Likewise, the pres- 
ence of cytoplasmic CD22 and CD79a aids in defining B-cell 
lineage in B lymphoblastic leukemia. Cytoplasmic myeloperoxi- 
dase is a myeloid marker often used as part of a flow cytometric 
panel, in addition to the traditional myeloid markers CD13 and 
CD33, to help establish myeloid differentiation.* 

Antibodies can also be directed at nuclear antigens using 
the same cell membrane permeabilization procedure, Termi- 
nal deoxynucleotidyl transferase (TdT) is a unique nuclear 
enzyme (DNA polymerase) present in stem cells and pre- 
cursor B- and T-lymphoid cells.'* High levels are found in 
the majority (90%) of the lymphoblastic leukemias, includ- 
ing both B- and T-lineage leukemias. However, TdT is not 
lineage-specific and can be seen in at least 18% of AML 
cases.'* It is more common in acute myeloid leukemia with 
minimal differentiation, where it can be seen in approx- 
imately 50% of cases.'? The number of myeloblasts that 
express TdT, however, is usually significantly lower than in 
lymphoblasts.'° Examples of an acute myeloid leukemia and 
B lymphoblastic leukemia flow cytometry scatter plots are 
seen in Figures 17—9 and 17-10. 
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Genetic Analysis 

The genetic analysis of leukemic cells is an essential com- 
ponent in the evaluation of the newly diagnosed leukemic 
patient. It plays a major role in diagnosis, subclassification, 
prognosis, selection of appropriate therapy, and monitoring 
the effects of therapy. In the WHO classification, several 
chromosomal abnormalities have been associated with dis- 
tinct forms of leukemia. Classic examples of this are the Phil- 
adelphia chromosome t(9;22) associated with CML and the 
translocation t(15:17) consistently observed in acute promy- 
elocytic leukemia. The WHO classification for AML includes 
entities with recurrent cytogenetic abnormalities, each with 
clinical significance and important prognostic information, 
which will be discussed later in this chapter. Genetic anal- 
ysis may be carried out in different ways, including cytoge- 
netic karyotyping, florescence in situ hybridization (FISH), 
polymerase chain reaction (PCR), and/or next generation 
Sequencing analysis. Typically, a combination of testing meth- 
odologies are currently used for classification, prognosis/ 
predictive value, and to evaluate for treatment options. For 
a summary of genetic risk stratification in AML and B-ALL 
see Tables 17—9 and 17-10. 


TABLE 17-9 Genetic Risk Stratification for AML 
Favorable t(8;21)(q22;q22.1); RUNX1-RNX1T1 


inv(16)(p13.1q22) or t(16;16)(p13.1;q22); 
CBFB-MYH11 


Mutated NPM1 without FLT-ITD or with FLT-ITD'™ 
Biallelic mutated CEBPA 
Mutated NPM1 and FLT3-ITD"'# 


Wild Type NPM1 without FLT3-ITD or with 
FLT3-ITD™ (without adverse-risk genetic lesions) 


t(9;11)(p21.3;q23.3); KMT2A- MLLT3 


Intermediate 


Other abnormalities not classified as favorable or 
adverse 


t(6;9)(p23;q34.1); DEK-NUP214 


t(v;11q23.3); KMT2A rearranged 


inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2): GATA2, 
MECOM(EVL1) 


-5 or del5q; -7; -17/abn(17p) 


Complex Karyotype (23), monosomy karyotype 
Wild type NPM1 and FLT3-ITD"" 

Mutated RUNX1 

Mutated ASXL 

Mutated TP53 


Adapted from NCCN Guideline version 1.2022 Acute Myeloid Leukemia 
(Age >18 years)” 


TABLE 17-10 Genetic Risk Factor for B-ALL 


Good Risk Hyperdiploidy (51-65 chromosomes) 
* Cases with trisomy of chromosomes 4 
17 appear to have the most favorab| nt 


* t(12;21)(p13;.2;q22.1): ETV6-RUNY} SOutcome | 


"Poor Risk Hypodiploidy (<44 chromosomes) 
KMT2A rearrangement (t[4;11] or Others 
t(vj14q32/IgH) 


t(9;22)(q34.1;q11.2) 


) 


Complex karyotype (5 or more chromosomal 
abnormalities) 


BCR-ABL1 like (Ph-like) ALL 

* JAK-STAT (CRLF2r, EPORr, JAK1/2/3r, TYK2, 
mutations of SH2B3, IL7R, JAK1/2/3 

+ ABL class (rearrangements of ABL1, ABL2, 
PDGFRA, PDGFRB, FGFR) 

¢ Other (NTRKr, FLT3r, LYNr, PTK2Br) 


Intrachromosomal amplification of chromosome} | 
(iAMP21) 


t(17;19): TCF3-HLF fusion 
Alterations of |KZF1 


Adapted from NCCN Guidelines Version 4.2001 Acute Lymphoblastic Leukemia 


ADVANCED CONTENT 


It should be noted that a diagnosis of acute myeloid lee 
mia can be made with <20% blasts in cases with t(§2! 
inv(16), t(16;16), and promyelocytic leukemia retin 
acid receptor alpha (PML-RARA) fusion" (an abso” 
fusion gene), since all of these are considered dist 
defining, 


Cytogenetics and FISH se pet 
Karyotyping evaluates stained chromosome metaphas Get 
rations to detect the numeric and structural karyoryP” abide 
karyon, meaning nucleus, and Apes, meaning os and 
malities. Normal human cells have 46 chromosome pi? 
diploid, having two alleles of each gene. That ®"™ 
two haploid sets of 23 chromosomes. 
Karyotyping can detect numeric and ae sions, 
ments, including translocations, inversions, aele jp 08 
cations, and isochromosomes. Translocat ad 
reciprocal interchange of portions of 
chromosomes and are the most common $ 
somal abnormalities. A number of these 4! ai c 
distinct subgroups of AML or ALL and have P apn0™ 
nificance. Table 17-11 lists recurrent gene 


associated with acute leukemia. 
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; Recurrent Genetic Abnormalities Associated With Acute Leukemia? 


Involved Genes on 
Respective Chromosomes 


Large blasts, perinuclear clearing (hofs), Auer rods (characteristically single, RUNX1-RUNX1T1 
long and tapered), may have large Pseudo-Chediak-Higashi granules 


Characteristic Findings 


May frequently express CD19 and PAX-5 


Associated witha favorable Prognosis and good response to therapy 


antl 6) or t(16;16) Abnormal eosinophils with purple-violet granules, Auer rods aS CBFB-MYH11 
The rearrangement can be cryptic 


ANIL 


Associated with favorable prognosis 


AML with 1(15;17) Bundles of Auer rods or cytoplasm densely packed with granules PML-RARa ; 
Hypogranular variant has bilobed nuclei 
Characteristically negative for CD34and HLA-DR 
Associated with a favorable prognosis 
Monocytic features + ares KMT2A-MLLT3 


>120 variant KMT2A translations 


Associated with poor prognosis 


AML with t(6;9) Associated with marrow basophilia and multilineage dysplasia DEK-NUP214 


Associated with poor prognosis 


AML with inv(3) or t(3;3) Associated with dysplastic megakaryocytes and multilineage dysplasia GATA2, MECOM 


Associated with poor prognosis ie chica 


RBM15-MKL1 


Infants without Down Syndrome, megakaryoblasts with blebs/pseudopods 

May express CD41, CD61, and CD42b 

High-risk disease Hs a, eee petrin Sy 
es codsional diagnosis of At ia AML with no prior evidence of CML BCR-ABL1 


Can have aberrant expression of CD19, CD7, TdT 


More common in adults than children BCR-ABL1 


CD25 frequently expressed in adults 
Frequent expression of CD13 and CD33 


Poor prognosis but TK inhibitors have improved outcome a 


KMT2A-reartanged 
Most common B-ALL in infants <1 year 1 


e Associated with poor prognosis 


TCF3-PBX1 


Precursor B-cell ALL 


Associated with poor prognosis 
il ‘ ETV6-RUNX1 


Can be cryptic by karyotype 


CD13 frequently expressed 


Associated with favorable prognosis 
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Current standard karyotyping, however, is time consum- 
ing and will fail to detect chromosomal abnormalities in 
40% to 50% of AMLs, as some abnormalities can be cryp- 
tic (meaning undetectable by cytogenetic analysis).'° Thus, 
Other methods such as FISH are routinely done today. FISH 
has several advantages: a faster turnaround time, the ability 
to use cells in either metaphase or interphase, the ability 
to use paraffin-embedded tissue, and the ability to detect 
Some abnormalities not seen by conventional karyotyping. 


ADVANCED CONTENT 
For example, acute myeloid leukemia with inv(16) and 
B lymphoblastic leukemia with t(12;21) can be cryptic 
by conventional cytogenetics; therefore, an evaluation by 
FISH is recommended. FISH analysis in acute leukemia 
typically includes a panel of probes that can help identify 
translocations such as BCR/ABL t(9;22), specific gene 
rearrangements such as MLL rearrangements, and gene 
amplifications (for example, RUNX1 amplifications). Their 
clinical significance and important prognostic information 
will be discussed later in this chapter. Additionally, molecu- 
lar studies can detect specific gene mutations such as NPM1 
and FLT3 mutations that are not detectable by conventional 
cytogenetic karyotyping or FISH studies. 


Molecular Studies 

The molecular genetic basis for acute leukemia continues to 
evolve, and specific gene mutations lead to specific classifi- 
cations, which can have prognostic significance, help detect 
minimal residual disease, or have target therapy implications. 


> ADVANCED CONTENT 


Gene mutations associated with specific AML classifica- 
tions include AML with mutated NPM/, AML with bial- 
lelic mutation of CEBPA, and AML with mutated RUNX], 
_ NPMI/ mutations, which can be seen in ~30% of AML 
cases, are associated with a good prognosis in the absence 
) of FLT3 mutations. Other typically tested genes in AML 
include 7P53 and ASXL/ mutations, which have been 
' associated with poor prognosis.'”'* In core-binding factor 
AMLs such as AML t(8;12), the presence of a KIT mutation 
is associated with a poor prognosis.'” The enzyme isocitrate 
_ dehydrogenase (IDH1) is mutated in a variety of cancers, 
' including AML. IDH1 mutations can be seen in 6% to 
16% of de novo AML cases and IDH2 in 8% to 19% of de 
| novo AML cases.” Although their prognostic significance 
remains controversial, targeted IDH inhibitor therapies are 
available for these mutations. 
| Mutations in the tyrosine kinase FLT3-ITD gene have 
| both prognostic and treatment implications inacute myeloid 
’ leukemia. FLT3-/7D mutations are common in acute 


_- 


| myeloid leukemia and can be present 
_ cases?! Mutations lead to constitutive 
_ FLT3 receptor and are associated with g 
behavior and higher relapse rates after tradition = 
therapy.” However, the prognostic effect Pi rt 
- mutations is related to the allele ratio defined ra 


in 30% of 
ACtivation of. L 


t 
more a we 
e 


t of /7D-mutated alleles to the wild-type allele and j rat 
site. Both an AR 20.5 (FLT3-ITD'e) ang insertion gi 
i Ite ip 


| TKD1 are associated with an unfavorable Prognosis, j 
ever, FLT3-JTD mutations with an AR <(,5 (FLT. ny 

and concurrent NPM/ mutation do not confer aN unfay, 
able prognosis in the absence of other high-risk Mutation ; 

The presence of FLT3 mutations can be gained o, log 
during disease relapse or progression.” For this reason, 
may not be helpful to evaluate for minimal residual] discs 
and evaluation for FL73 mutations may have to be reag 
sessed over time. 

The prognostic significance of FLT3-TKD mutatoy 
remains controversial, and its presence does not alter rs; 
assessment currently. However, both mutations are typ 
ically tested due to the development of FLT3 inhibitor 
First generation inhibitors not only target FLT3 but alsy 
target a variety of other kinases. This allows a first gener. 
ation inhibitor to inhibit both FL73-TKD- and FLT3-TKD- 
mutated receptors. In contrast, second generation inhibitos 
are more potent and specific, and are only active against the 
FLT3-ITD mutations.”! 

It should be noted that a diagnosis of acute myeloid lev 
kemia can be made with <20% blasts in cases with t(8:21}, 
inv(16), t(16;16), and promyelocytic leukemia/retinoic at 
receptor alpha (PML-RARA) fusion’? (an abnormal fusio 
gene), since all of these are considered disease defining. 
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Next generation sequencing is now available and ale 
testing for a broad spectrum of gene mutations ince 
the mutations discussed previously for AML. Panels wil 
variety of mutations associated with acute lymphobla i 
kemia, which are discussed later in this chapter, are ye 
able. Overall, molecular studies can help identity ogee 
that are not detected by conventional cytogenettcs a ‘ . 
studies and can be useful for evaluation of minimal ¥ 
disease. Examples include PCR-based assays 1 die 
genes such as BCR/ABL/, PML/RARA, and Noe beat 
to detect clonal rearrangements in immunoglo ¥ 
chain genes in B-ALL and T-cell receptor genes " 
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Six Major Categories of the WHO 
Classification is 
AML With Recurrent Genetic Abnormalitl 40" 
Recurrent genetic abnormalities include balance” sc 
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somal rearrangements and inversions involving log 
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tion factors that are associated with distinct ™ if e 
immunophenotypic, and clinical features. I ».91)(q22* 
that the WHO maintains that AML with t-0"" 9). 


3.14" 
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age" 


AML with iny(16)(p13.1;q22) or t(16;16XP 


Jocytic Jeukemia with t(15;17)(q22;q11-12) are 
peste promye be acute leukemia regardless of the blast per- 
considered the revised fourth edition of the WHO classifi- 
centage a ed in 2017, AML with gene mutations is also 
cation - a category based on the presence of specific muta- 


sted by molecular studies. 

r 22;q22.1);(RUNX1-RUNX1T1) 
LE occu in up to 1% to 5% of cases of AML. 
This TINKI-RUNXITI (also called ETO-AML!) transloca- 
Te f chiefly in younger patients and often in cases of 

++ maturation (FAB M2). The translocation involves 
Be oflie RUNX{I (also called AML/) gene on chromo- 
some 21 that encodes the alpha subunit of the core-binding 
factor with the RUNXITI (also called ETO) gene on chro- 
mosome 8. This results in the creation of RUNXI-RUNXIT1 
fusion transcript that regulates transcription and blocks dif- 
ferentiation to promote leukemic progression.* FISH and 
RI-PCR assays for this abnormality are quite reliable.'* The 
characteristic morphological finding in this entity is a sin- 
gle long Auer rod with tapered ends that may be seen within 
blasts and mature neutrophils. Myeloblasts often containing 
abundant basophilic cytoplasm with azurophilic granules 
that may be very large (pseudo-Chediak-Higashi granules). 
Eosinophilic precursors are often increased with normal mor- 
phological features. Variable dysplastic features may be seen 
among neutrophils and precursors, but dysplasia is uncom- 
mon in other cell lines. Expression of myeloid markers, such 
4s CD13, CD34, and MPO, are typical, but in addition, these 
ace Spat markers of the lymphoid lineage, most fre- 
ghently CD19 and P4X5. Additional chromosomal abnormal- 
ities are common including loss of a sex chromosome and 9q 
deletion, The t(8;21) is generally associated with a favorable 
tosis and good response to therapy containing high-dose 
arabinoside.!3 Adverse prognostic factors include the 


Mesence of KIT mutation in adults and CD56 expression. 


oth inv(16)(p13.1;q22) OR t(16;16) 
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‘Ystem. The tie Cosinophilia and M4eo under the FAB 
1 beta (CB, ) results in the fusion of the core binding 
SpI3 that B) gene on 16922 with the MYH// gene on 
the tothe bes 4 smooth muscle myosin heavy chain." 
Thig asm, eee eanon of much of the CBF protein in 
® ‘Ye of leuke; hting its function as a transcription factor. 
angi compone,. characteristically shows an abnormal 
ang shy, tea. eral well as granulocytic and monocytic 
With AML large, ~ Saew eosinophils appear immature 
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Inge: "8 With th inv(16) patients achieve higher rates 
be * Inversig Tapy containing high-dose cytosine 
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“isomy 8 white blood cell count, FLT3 muta- 
sociated with worse outcomes. KIT 
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mutations in adults are associated with higher risk of relapse 
and Worse survival; however, the prognostic associations are 
Not as significant as in AML with t(8;21). 


Acute Promyelocytic Leukemia With PML-RARA 
Acute promyelocytic leukemia (APL; also known as AML 
M3 under the FAB system) is an acute myeloid leukemia 
characterized by abnormal promyelocytes (Fig. 17-11), the 
PML-RARA fusion gene transcript, and high cure rates with 
treatment. The abnormal promyelocytes are rich in throm- 
boplastic substances that, if released, trigger disseminated 
intravascular coagulation (DIC). APL may present with hem- 
orrhagic manifestations, including petechiae, small ecchy- 
moses, hematuria, bleeding from venipuncture and bone 
Marrow sites, CNS, and pulmonary hemorrhages.” The most 
consistent coagulation abnormalities include a prolonged pro- 
thrombin time and thrombin time, elevated fibrin degrada- 
tion products, and decreased amounts of plasma fibrinogen. 
Thrombocytopenia is almost universally present. Schistocytes 
are sometimes evident on the peripheral blood smear. Left 
untreated, coagulopathy is associated with significant early 
death rates. 

Screening for APL by morphological analysis requires 
a high index of suspicion and is of paramount importance 
for rapid diagnosis of this time-sensitive disease. The char- 
acteristic morphological finding in both the hypergranular 
and microgranular variants is a reniform (kidney-shaped) or 
bilobed nucleus. This finding is seen in at least a subset of 
leukemic cells in hypergranular APL, which often has greatly 
variable nuclear size and shape. The abnormal promyelocytes 
in this variant show heavy granulation, sometimes obscur- 
ing the nucleus, and abundant cytoplasm. Auer rods are fre- 
quently seen, and some cells may contain bundles or stacks 
of Auer rods. Microgranular APL can be mistaken for acute 
myelomonocytic or monocytic leukemia since the leukemic 
cells appear monocytoid with prominent nuclear folding and 
abundant cytoplasm (Figure 17-12). However, the nucleus 
of most cells in the peripheral blood is reniform or bilobed. 
Granulation of these cells is scant or absent, although occa- 
sional cells with heavy granulation are almost always pres- 
ent. The leukocyte count is often markedly elevated in the 


617-11 Acute promyelocytic leukemia (APL), M3, bone marrony 
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FIGURE 17-12 Acute“microgranular” promyelocytic leukemia, M3, 
peripheral blood. 


microgranular variant of APL. The bone marrow aspirate may 
reveal a morphological pattern that more closely resembles 
typical APL. 

Flow cytometry is a very useful adjunct to identifying APL. 
The characteristic immunophenotype of the promyelocytes/ 
blasts shows low or absent expression of CD34 and HLA-DR 
with bright, homogenous expression of CD33 and MPO and 
heterogenous expression of CD13. CD56 expression in APL 
has been associated with a worse outcome.” By cytochemis- 
try, MPO and Sudan black (Fig 17-13) are also strongly pos- 
itive in leukemic cells, including the microgranular variant. 

In addition to the characteristic morphology, APL contains 
a translocation that results in the fusion of a transcription fac- 
tor called PML on chromosome 15 with the alpha (a)-retinoic 
acid receptor gene (RARA) on chromosome 17, giving rise to 
one of the most striking instances of genotype-phenotype cor- 
relation in pathology: the hybrid gene, PML-RARA."* When 
morphological and/or immunophenotypic features of APL 
are identified, the diagnosis of this entity requires confir- 
mation by FISH or RT-PCR analysis to detect the presence 
of this rearrangement/fusion transcript. Because RARA acts 
as a transcriptional activator, when translocated, it acts as a 
repressor of transcription leading to a maturation arrest at the 


FIGURE 17-13 APL, M3 (Sudan black B stain). 
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promyelocyte stage.'’ In the normal State, RARY ; 
transcriptional corepressors, and the levels i iis 
present are sufficient for overcoming this rte le agg 
ever, the fusion of RARA to PML leads to the fon ti 
a corepressor complex that is enhanced," The ; TMation 
this enhanced complex is involved in the oncogenes af 
through mechanisms that are not entirely understood jr L 
doses of all-transretinoic acid (ATRA) are effective ae 
ferentiating agent in APL."® ATRA in Combination ty if 
nic trioxide therapy has become the standard therapy fy ae, 
patients with anthracycline added for high-risk Patiens 
prognosis for APL treated optimally is more favorable be: 
that for any other AML subtype. a 
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AML With t(9;11)(p21.3;q23.3); KMT2A-MLLT3 
Abnormalities 

The KMT2A gene (previously called MLL) is involved jy F 
least 120 different translocations, many of which are seen , 
AML, ALL, and MDS.” This diagnostic category should 
reserved for cases of de novo AML with 11q23.3 balance 
translocations involving KM724. Cases of AML with Ki) 
translocation and either prior therapy or concurrent myelo 
dysplasia should be categorized as therapy-related myeloid 
neoplasm and AML with myelodysplasia-related changsy 
respectively (see later in this chapter). 

This subtype is more common in children but can occuret 
any age. Clinically, patients may present with extramedullay 
monocytic sarcoma or DIC.'? AML with t(9;11) is associated 
with monocytic differentiation, including monoblasts and pw- 
monocytes that can be highlighted by nonspecific esterase. lt 
children, the immunophenotype shows strong expression 0 
CD33, CD4, HLA-DR, and CD65 with lower expression 
CD13, CD14, and CD34. Adult cases can express aly mate 
of monocytic differentiation and variable expression of m™ 
ture markers. 

Since some KMT24 translocations are subtle by © 
tional karyotype analysis, FISH or molecular studies “i 
necessary to identify these variant translocations: Typ ’ 
KMT2A gene abnormalities denote a poor outcome: 
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AML With t(6;9)(p23;q34. YEK-NUP214 
This AML arises from the rearrangement of 
mosome 6 with NUP2/4 on chromosome 9 rest holes 
aberrant transcription factor. The characteristic res al 
cal features of this subtype are bone marrow and Pe “we 
basophilia and multilineage dysplasia including pe aif o 
blasts in some cases. Immunophenotypically, UP aye 
cases express TdT and otherwise show 4 nonspee m 
immunophenotype. This AML subtype typically s 4 t 
outcome.'? Most cases show a FLT3-ITD mutatio! 
be targeted with FLT3 inhibitors. 
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AML With inv(3)(q21.3;q26.2) OR t(3;3) 
(q21.3;q26.2);GATA2-MECOM 

The inversion or rearrangement of the lon 
some 3 results in shifting the GATA2 enhanc® , 
the oncogene MECOM at 3q26.2. This rest 
leukemia with myeloblasts that may 
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Prognosis. Poor prognostic markers include the presence of 
FLT3-ITD and DNMT3A mutations." 


AML With Biallelic Mutation of CEBPA 

AML with biallelic CEBPA mutations should be evaluated 
for a germline mutation and predisposition to develop AML. 
These cases often show a normal karyotype, although 9q dele- 
tion may be present without adversely affecting the progno- 
sis. GATA2 and FLT3-ITD mutations may also be seen with 
unclear prognostic significance.'? No distinctive morpholog- 
ical or immunophenotypic features are seen in this subtype 
of AML; however, most cases show features of AML with or 
without maturation as well as multilineage dysplasia. This 
subtype of AML is associated with a favorable prognosis. 


AML With Mutated RUNX1 (Provisional Entity) 

This subtype is reserved for de novo cases of AML that do 
not meet criteria for AML with recurrent genetic abnormali- 
ties, therapy-related myeloid neoplasms, or AML with MDS- 
related changes. No specific morphological or immunophe- 
notypic features have been reported. This subtype of AML is 
associated with poor overall survival in some studies. Cases 
with RUNX/ and ASXL/ mutations are associated with a 
worse prognosis.'? 


AML With Myelodysplasia-Related Changes 

AML with myelodysplasia (MDS)-related changes is an 
acute leukemia with greater than 20% blasts and evidence 
of dysplasia. Morphologically, dysplasia must be present in 
greater than 50% of the cells in at least two lines, and it must 
be in a pretreatment specimen." In addition, AML arising in 
a preexisting MDS or MDS/MPN as well as the presence of 
an MDS-related cytogenetic abnormality qualifies for this 
diagnosis. Most often, patients present clinically with severe 
pancytopenia. This is a morphologically heterogeneous dis- 
ease, and these features are reflected in the immunopheno- 
type, which is highly variable, often showing aberrant antigen 
expression. Cytogenetic alterations are often complex and 
often include the loss of chromosomes 5q and 7q. The prog- 
nosis for this subtype of AML is not favorable. The presence 
ofa 7P53 mutation suggest a worse prognosis.'* 


Therapy-Related Myeloid Neoplasms 
This category encompasses acute myeloid leukemia, myelo- 
dysplastic syndrome, and myelodysplastic/myeloproliferative 
neoplasms that arise in the setting of prior cytotoxic chemo- 
therapy (including alkylating agents and topoisomerase TT 
inhibitors) and radiation therapy. Two major clinical subtypes 
of therapy-related AMLs are recognized: (1) alkylating agen 
radiation-related, and (2) topoisomerase il inhibitor-related."* 
The development of leukemia is more rapid after topoisomer- 
ase II inhibitor therapy, with a reported mean of about 33 to 
34 months after beginning chemotherapy, compared with 
about 5 to 6 years after alkylating agent/radiation.* 
Therapy-related AML and MDS related to alkylating 
agents/radiation therapy typically show clonal evolution 
from MDS, frequently harboring deletions or translocations 
involving 54 and 7q, in addition to other chromosomal abnor- 
malities and mutated 7P53." These leukemias are generally 


associated with a very Poor outcome and short survival time. 
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Morphologically, multilineage dysplasia is typically seen in 
the peripheral blood and bone marrow. The peripheral blood 
often shows basophilia, and the bone marrow often con- 
tains increased reticulin fibrosis. Immunophenotypically, the 
myeloid blast population shows no specific pattern, but it may 
show aberrant expression of CD7 and CD56. 

In contrast, AML arising from topoisomerase inhibi- 
tor treatment have different cytogenetic abnormalities, the 
most common of which is a translocation involving 11q23 
(KMT24, previously called MLL).'* Other reported genetic 
abnormalities in AML after topoisomerase treatment include 
t(8;21), inv(16), and even APLs with t(15;17).”* Lastly, it may 
be that these patients have a better outcome than those with 
alkylating agent/radiation-associated MDS or AML. 


Acute Myeloid Leukemia, Not Otherwise Specified 
AML With Minimal Differentiation 

Also known as FAB MO, cases of acute myeloid leukemia 
with minimal differentiation show no definitive myeloid 
differentiation by conventional morphological and cyto- 
chemical analysis (Fig. 17—14). These AMLs have primitive 
leukemic blasts that show no distinctive myeloid morpho- 
logical features and lack reactivity (less than 3% of blasts 
staining positive) with the conventional battery of cyto- 
chemical stains (myeloperoxidase, Sudan black B, NSE)."' 
Accordingly, flow cytometry or another form of immuno- 
phenotyping is required for the diagnosis. Typically, these 
minimally differentiated AMLs exhibit immunological 
reactivity for at least two myeloid lineage-specific anti- 
gens (CD33, CD13, CD117) in the absence of lymphoid 
antigens, particularly cCD3, eCD79a, and cCD22. Rarely, 
blasts may also express a lymphoid antigen, but the expres- 
sion is dimmer than that seen in lymphoid malignancies, 
and there should be more myeloid antigens expressed. 
Generally, minimally differentiated AML is negative for 
expression of antigens of myelomonocytic differentiation, 
such as CD14 and CD15." By cytogenetic studies, com- 
plex karyotypes and unbalanced abnormalities are the most 
common findings. In the differential diagnosis for mini- 
mally differentiated AML, the following is included: ALL, 


FIGURE 17-14 Acute myeloid leukemia (AML) with minimal differentia- 
tion, MO, bone marrow. 
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AML Without Maturation 
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dominantly poorly differentiated myeloblas 
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uration to more mature myeloid cell 
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in the blast population to document myeloid differentatog 
Immunophenotypically, at least one myelomonocytic anise 
is expressed (CD13, CD33, CD34, and CD117), but lymph 
antigens are generally absent. No specific genetic abnormaj, 
ties have been reported. The course of this leukemia is pepe. 
ally described as aggressive. 5 


AML With Maturation 
Synonymous with the FAB M2, cases of AML with maun 
tion show a marrow infiltrate with greater than 20% bias 
and evidence of maturation. By criteria, there should be mor 
than 10% of cells at different stages of granulocyte maturatie 
(Fig. 17-16). At least 3% of the leukemic cells are myelope- 
oxidase (Fig. 17-17) or Sudan black positive, and this pe 
centage is usually also much higher."’ Monocytes comps 
less than 20% of the bone marrow; thus, NSE activity ms 
not exceed 20% of marrow cells.° 

AML with maturation immunophenotypically show! 
pattern of granulocytic differentiation by flow cytom! 
Myeloblasts express at least one of the myeloid-associ® 
antigens CD13, CD15, CD33, CD11b, and CD65, while & 
immature markers CD34, CD117, and HLA-DR may oa 
expressed in a subset of blasts’? Rarely, aberrant a 
of CD2, CD7, CD56, CD4, and CD19 may be see? 
most immature blasts. No specific genetic abnormalities ™ 
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FIGURE 17-17 AML, M2 (myeloperoxidase stain). 
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FIGURE 17-18 Acute myelomonocytic leukemia (AMML), M4, bone 
marrow. 
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FIGURE 17-19 Promonocytes in AMML, M4, peripheral blood. 


“~ 


AMML variably expresses the myeloid antigens CD13, 
CD33, CD15, and CD65 in a subset as well as a population 
expressing antigens of monocytic differentiation includ- 
ing CD11b, CD1lce, CD14, CD64, and CD4." A subset 
of blasts may express the immature markers CD34 and 
CD117. Nonspecific genetic abnormalities associated with 
myeloid neoplasms such as trisomy 8 have been reported. 
AMML may respond to aggressive therapy and has a prog- 
nosis similar to that of other AMLs. 


Acute Monoblastic and Monocytic Leukemia 

Synonymous with FAB M5a and MSb, acute monoblastic 
and acute monocytic leukemias are leukemias characterized 
by a preponderance of cells of monocytic lineage. In these 
cases, cells of monocytic lineage (monoblasts, promono- 
cytes, and monocytes) must comprise greater than 80% of 
the leukemic cells (not overall marrow cells)."* Like the FAB 
criteria, the WHO further subdivides leukemias of mono- 
cytic lineage based on the relative proportion of monoblasts 
and promonocytes. In cases of acute monoblastic leukemia 
(FAB MSa, Fig. 17-20), monoblasts comprise the majority 
of monocytic cells (typically monoblasts are greater than 
80% of the monocytic cells in monoblastic leukemia) 8 
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FIGURE 17-20 Acute monocytic leukemia, M5a, peripheral blood. 


In contrast, in acute monocytic leukemia (FAB M5b), the 
majority of monocytic cells are promonocytes or monocytes 
(Fig. 17-21). 

Acute monoblastic and monocytic leukemia both have 
distinctive clinical manifestations associated with the mono- 
cyte’s propensity to migrate to extramedullary sites. Skin and 
gum involvement are particularly characteristic (Fig. 17-22). 
Lymphadenopathy frequently occurs, and sometimes the 
spleen and liver are markedly enlarged. CNS involvement 
also has an increased incidence in these patients.> 

The morphological features of the constituent cells have 
been described earlier in the section on AMML. Typically, 
monoblasts and promonocytes are strongly positive for 
NSE.* Monoblasts are usually not myeloperoxidase positive, 
whereas promonocytes are weakly to mildly positive. The 
immunophenotype of these leukemias expresses myeloid anti- 
gens (CD13, CD33, and CD117) and expresses at least two 
markers of monocytic differentiation (CD14, CD64, CD4, and 
lysozyme).'? The immature markers CD117 and HLA-DR are 
often expressed, while CD34 is expressed in only a minority 
of cases. While some differential expression of myeloperox- 
idase may be seen by flow cytometry (i.e., myeloperoxidase 
antigen may be seen in acute monocytic leukemia rather than 
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FIGURE 17-21 Acute monocytic leukemia, M5b, peripheral blood. 


FIGURE 17-22 Gum hypertrophy: A clinical manifestation of acute 
leukema (M5). 


acute monoblastic leukemia), these findings alone are not able 
to discern specific differences between these two subtypes 
leukemia. 

Nonspecific genetic abnormalities associated with myeloid 
neoplasms have been reported. Interestingly, the t(816 
(p11;p13) abnormality is associated with hemophagocytosi 
by leukemic cells and is also associated with coagulopathy. a 
general, acute monoblastic and monocytic leukemia follows 
an aggressive course. 


Pure Erythroid Leukemia 
Pure erythroid leukemia, which is equivalent to FAB Mé,s 
characterized by an abnormal proliferation of immature ey 
roid precursors and, generally, an aggressive clinical cous. 
The neoplastic population is composed of immature ent 
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with excess blasts if the blasts are less than 20% of ie nots! 
or blood cells and usually AML with MDS-related 
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“Pure erythroid leukemia, M6, bone marrow. 
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not express myeloid antigens. Other antigens 
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illy reveal a complex karyotype and usually 5q 
tions.’ The median survival for this aggressive 
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zd by neoplastic proliferation of megakaryoblasts 
al megakaryocytes (Fig.17-24). Recognition 
ly was accomplished using platelet peroxidase 
structural studies. PPO, which is distinct from 
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acute megakaryoblastic leukemia occurring in a patient with 
Down syndrome should be classified as myeloid leukemia 
associated with Down syndrome. 

The blasts observed in acute megakaryoblastic leukemia 
display a wide range of morphology, from small cells with 
Scant cytoplasm and dense chromatin, to large cells with a 
moderate amount of cytoplasm and a fine reticulated chro- 
matin pattern, Megakaryoblasts are typically large in size 
with round or indented nuclei and cytoplasmic projections, 
or blebs, also known as pseudopods, The peripheral blood 
may show megakaryoblast fragments, micromegakaryo- 
cytes, dysplastic platelets, and dysplastic neutrophils. The 
bone marrow may show reticulin fibrosis and dysplastic 
megakaryocytes. 

Conventional cytochemistry can suggest the diagnosis 
of acute megakaryoblastic leukemia but is not definitive. 
Myeloperoxidase, Sudan black B, and CAE reactions are 
negative, whereas acid phosphatase and PAS are usually posi- 
tive.?> Nonspecific esterase shows dotlike positivity.”’ 

The diagnosis of acute megakaryoblastic leukemia is 
usually made by correlating the morphological findings and 
demonstrating platelet-specific antigens by immunopheno- 
type. Megakaryoblasts will generally express at least one of 
the platelet-associated antigens CD41 (glycophorin Ib/IIIa), 
CD61 (glycophorin IIa), and CD42b (glycophorin Ib). By 
flow cytometry, cytoplasmic CD41 and CD61 expression is 
more specific than surface staining, as platelets may adhere 
to the surface of blasts that may be misinterpreted as positive 
staining. CD36 and factor VIII antigen expression are typi- 
cal. In addition to this, the megakaryoblasts may or may not 
express the myeloid markers CD13 and CD33, or CD34 and 
CD45." It is important to rule out lymphoid differentiation. 
No unique chromosomal abnormalities are reported in this 
subtype, and the prognosis is usually worse than other sub- 
types of AML. 


Acute Basophilic Leukemia 

In this very rare leukemia, the differentiation is primar- 
ily toward the basophilic lineage. Care should be taken to 
exclude chronic myeloid leukemia (CML) and AML with 
t(6;9)(p23;q34.1) that may also show increased basophils. 
The blasts will generally have a moderately basophilic cyto- 
plasm and coarse basophilic cytoplasmic granules similar 
to those seen in basophils. Numerous immature basophils 
may also be present, and mature basophils are often few in 
number, Cytochemically, acute basophilic leukemia shows 
metachromatic staining with toluidine blue, acid phospha- 
tase, and PAS in some cases but is negative for myeloper- 
oxidase, Sudan black B, non-specific esterase (NSE), and 
naphthol AS-D chloroacetate esterase (CAE). The lack of 
CAE by cytochemistry and CDI 17, tryptase, and CD25 by 
immunohistochemistry can help differentiate blasts of acute 
basophilic leukemia from mast cell leukemia. In contrast to 
normal basophils, blasts may be positive for HLA-DR and 
negative for CD117. In addition, the blasts express myeloid 
markers and CD9." Clinically, features of extramedullary 
tissue involvement may be seen including skin infiltration, 
organomegaly, lytic bone lesions, and hyperhistaminemia 
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Rare chromosomal abnormalities reported in this subtype 
include t(3;6)(q21;p21) and abnormalities involving 12p. In 
addition, t(x;6)(p11.2;q23.3) resulting in MYB-GATAJ has 
been reported in male infants with this leukemia." This is a 
very rare leukemia; existing information about the outcome 
of patients suggests a poor prognosis. 


Acute Panmyelosis With Myelofibrosis 

This, too, is a rare form of acute leukemia representing 1% 
to 2% of all cases.° It is characterized by an acute panmy- 
eloid proliferation and 20% blasts or more in the setting of 
bone marrow fibrosis. Clinically, severe pancytopenia is 
present without splenomegaly, corresponding to the rela- 
tively acute onset.'? The evolution of this disease process 
is typically rapid, with patients usually presenting acutely 
sick with severe constitutional symptoms including fever 
and bone pain. 

The peripheral blood shows pancytopenia with dysgran- 
ulopoiesis, abnormal platelets and circulating nucleated red 
blood cells.'* The bone marrow biopsy is hypercellular, with 
all lineages showing varying amounts of hypercellularity. 
Bone marrow fibrosis is prominent and typically results in a 
“dry tap” specimen. The number of bone marrow blasts is 
typically between 20% and 25%. 

Distinguishing this entity from AML with multilineage 
dysplasia with fibrosis, acute megakaryoblastic leukemia, 
and MDS with excess blasts associated with fibrosis may be 
difficult. Blast percentages and immunophenotype may help, 
as well as the finding of trilineage hyperplasia in acute pan- 
myelosis with myelofibrosis. In addition, the rapid clinical 
onset and constitutional symptoms may help distinguish this 
entity from MDS with excess blasts and myelofibrosis, which 
progresses relatively slower. Cytogenetic studies, if adequate 
sample for karyotype analysis is obtained, usually show a 
complex karyotype. The prognosis for this entity is poor. 


Myeloid Sarcoma 

Myeloid sarcoma is an extramedullary tumor mass of myeloid 
blasts with or without maturation that destroys the underlying 
normal tissue architecture. Myeloid sarcoma is also known 
as extramedullary myeloid tumor, granulocytic sarcoma, 
or chloroma. Myeloid sarcoma may occur in many sites in 
the body, including lymph nodes, skin, gastrointestinal tract, 
soft tissue, testes, sinuses, brain, and below the periosteum 
of bones. Myeloid sarcoma is essentially a diagnosis of AML 
and may occur simultaneously with leukemic AML, Relapsed 
AML may occasionally present as myeloid sarcoma. Myeloid 
sarcoma may also occur simultaneously or after treatment 
with other hematologic and nonhematologic neoplasms. 
Twenty-five percent of myeloid sarcomas may occur in the 
absence of leukemic involvement by AML or other myeloid 
neoplasms. Myeloid sarcoma occurring in the setting of MDS, 
MDS/MPN, or MPN would be indicative of transformation 
into an acute blastic phase." 

Previous morphological classification of blastic, immature, 
and differentiated myeloid sarcomas showed no significant 
clinical or prognostics data, thus classification of myeloid 
sarcoma relies heavily on immunophenoytype.” Immunophe- 
notypic findings of myeloid sarcoma demonstrate differing 


antigen expression based on maturity anq myelo 

monoblastic, erythroid, or megakaryocytic differs. 
For example, a more immature myeloid sarcoma vet 
expression of CD13, CD33, CD34, CD68, and CD 
a promyelocytic differentiation will demonstrate oe 
of CD34, CD15, MPO, and TdT.” Other examples 
expression of CD68 and MPO with lack of CD34 j elude 
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CD34.’ The diagnosis may be difficult in the ab 
granulocytic marker expression; thus CD43 ang | 
may help as they are the most sensitive immunohisto 
markers for myeloid sarcoma.*” 

A vast majority of cases will show genetic abnormalities 
that will typically mirror those of the underlying A\y ‘ 
MDS. NPM1 expression by immunohistochemistry and next 
generation sequencing typically are associated with MDS 
MPN, a monoblastic/myelomonocytic immunophenotype 
and frequency of involvement of the skin. Often, genet 
abnormalities are more frequently identified in certain body 
site involvement. For example, inversion 16 can be associated 


Senice of 
YSOZ)Ing 
chem cal 


with breast, uterine, or intestinal involvement, while trisomy 
8 and KM7T2A-MLLT3 fusion is associated more frequently 


with skin and breast cases.'* Prognosis and response to ther 
apy does not appear to be affected by age, sex, histological 
features, associated myeloid neoplasms, genetic findings, or 
immunophenotype.*! The five-year survival rate for these 
patients is approximately 50%.°! 


Myeloid Proliferations Related to Down Syndrome 
The WHO classification describes two disorders linked wi 
the most common chromosome abnormality among live bom 
infants, trisomy 21, more commonly known as Down sy 
drome (DS). Due to the genetic abnormality, children with 
DS have 10- to 100-fold increased risk of developing «*v® 
leukemia." The vast majority (>50%) of acute myeloid Jeuke- 
mia seen in DS children is acute megakaryoblastic leukem® 
Development of acute leukemia may occur after a prolonget 
period of myelodysplastic syndrome-like phase; thus mye 
leukemia associated with DS encompasses both MDS # 
AML." These myeloid proliferations associated ea 
show unique clinical, morphological, and genetic aa 
istics that require distinct classification. They ane 
sient abnormal myelopoiesis associated with DS (T™’ 


myeloid leukemia associated with DS. 

Transient Abnormal Myelopoiesis -h DS (TA 
Transient abnormal myelopoiesis associated with sini 

is a proliferation of the myeloid lineage resulting ™ ° euht 
and morphological features identical to acute ge ut 
mia. TAM has been reported in approximately tn * ab 
newborns with DS.*? Rarely, TAM has been repor tt 
dren with trisomy 21 mosaicism; however, its xe ee 
rare in newborns without chromosome 21 
Patients often present at age 3 to 7 days WDD 
megaly, thrombocytopenia, marked leukocy!5" 

and circulating blasts in the peripheral blood. sion Wm 
with this disorder undergo spontaneous remiss! 10> 
treatment within three months." Approximately - 
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“4 Leukemia Associated With Down 
yeti MLDS) nih 
gyda ML-DS typically present within the first 3 to 
«es and account for 20% of all pediatric acute 
5 years of life ; 3 5 
2 yelodysplastic syndromes. Patients may pres- 
ry cytopenias before manifestation of MDS 
ia.*S As mentioned earlier, acute leukemia may 
in the years following TAM resolution. The leukemic 
cells typically involve the blood and bone marrow, with extra- 
involvement of the spleen and liver as common 
findings. Young children with DS and GATA/ mutations show 
a favorable prognosis compared with AML in non-DS chil- 
dren; however, a poorer prognosis is associated with older DS 
children that have a GATA/ mutation.'* Unique chemotherapy 
and treatment protocols have been established for treatment 
of ML-DS. 

TAM and ML-DS show shared morphological, immuno- 
phenotypic, and genetic findings that are discussed later 
in this chapter. Blasts often have course basophilic gran- 
ules and cytoplasmic blebbing, as seen in megakaryoblasts 
(Fig 17-24). The morphological features in TAM are identical 
tomyeloid leukemia associated with DS and may often show 
dysplastic features in the bone marrow as seen in ML-DS. 
Blasts for both TAM and ML-DS show antigen expres- 
sion characteristic of megakaryoblasts. Megakaryoblastic 
Keukemic cells typically express CD34, CD117, CD13, 
(D33, HLA-DR, CD4 (dim), CD41, CD42, CD110 (TPOR), 

i CD36, CD61, and CD71, while lacking MPO, CD15, 

» and glycophorin-A."° In addition to trisomy 21, both 

and ML-DS show GATA4/ mutations in blast cells; 
ip ML-DS will acquire additional mutations that lead 
Miocisted into acute leukemia. Genetic abnormalities 
trisomy 8 om the Progression into acute leukemia include 
JAK3, up mutations in CTCF, EZH2, KANSL1, JAK2, 
‘MPL, SH2B3, and RAS pathway.’ 
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diagnosed children with ALL are cured. Cases of ALL are 
rarely seen in adults, but the treatment can be significantly 
less effective, 

To fully appreciate the classification of ALL and other 
lymphoproliferative disorders (e.g., CLL, lymphoma, and 
multiple myeloma), it is important to understand lymphocyte 
ontogeny. Lymphoid leukemias and lymphomas are a clonal 
proliferation of lymphoid cells that have been “frozen” at a 
given stage of maturation, while typically retaining some fea- 
tures of their normally differentiated counterparts. In ALL, 
the malignant clone has an immunophenotype with features 
of an early lymphocyte or “lymphoblast,” typically express- 
ing terminal deoxynucleotidy! transferase (TdT) and either 
B or T lymphocyte antigens. 


Review of Lymphocyte Ontogeny 

Lymphocytes originate from pluripotent stem cells that are 
present in the yolk sac, fetal liver, spleen, and bone mar- 
row. At birth and into adulthood, the stem cells are normally 
found only in the bone marrow, where they respond to spe- 
cific growth factors (hormone-like substances) that trigger 
their commitment toward B- or T-lymphocyte differentia- 
tion. The microenvironment of these developing cells plays 
a critical role in their maturation: B cells develop in the bone 
marrow (bursa-equivalent tissue), whereas T cells develop in 
the thymus (from committed stem cells that have migrated 
there from the marrow). Lymphocyte maturation in these 
organs is antigen-independent. After the lymphocytes have 
matured, they migrate to the peripheral lymphoid organs, 
including the lymph nodes, spleen, and other lymphoid tis- 
sues. In these organs, the lymphocytes remain in a resting 
state until they are stimulated to undergo antigen-dependent 
development. 


B-Lymphocyte Development 

Early B-cell maturation (antigen-independent) is divided 
into three stages: early pre-B cell, pre-B cell, and mature 
B cell (Fig. 17-25). These stages are indicated by their 
expression of TdT, surface markers (HLA-DR, CD10 
[CALLA], CD19, CD20), and immunoglobulin (cytoplasmic 
or surface Ig)” The early pre-B cell is TdT positive and 
expresses HLA-DR, CD19, and usually the common acute 
lymphoblastic leukemia antigen, C D10 (CALLA). HLA-DR, 
a histocompatibility-related antigen, is expressed first, fol- 
lowed by CD19 and then CD10. CD19 is the most sensitive 
and specific surface marker for early B cells.* During this 
stage, the immunoglobulin genes begin to undergo struc- 
tural rearrangement followed by the production of cytoplas- 
mic mu (Cy)-heavy chain.’ The presence of cytoplasmic 
p. distinguishes the pre-B cell from its predecessor, which 
otherwise has a similar phenotype. As the cell continues 
to mature, immunoglobulin light chains are produced, and 
IgM is assembled and inserted into the plasma membrane. 
This surface Ig (slg) is the hallmark of the mature B cell, 
which no longer expresses TdT. Each B cell expresses only 
one type of Ig light chain, either kappa [x] or lambda [A]. 
This feature is extremely helpful in identifying monoclonal 
proliferations of mature B cells, because a normal popula- 
tion of B cells will consist of a mix of x and J light chain 
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mu-heavy chain gene 


Cytoplasmic mu 
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> Pre-B = cytoplasmic mu 
Y Mature B = surface immunoglobulin 


FIGURE 17-25 B-cell development. Heavy chain (H) and light chain (L) are designated as H®, Lif in embryonic form, and H*, L* if rearranged. > = cytoplagne 


mu; Y = immunoglobulin. 


expressing B cells. If all the B cells in a population express, 
« for example, the population is likely clonal, because poly- 
clonal B cells would be a mix of some B cells expressing \ 
along with others expressing k. 

Immunoglobulin genes are rearranged in a unique pro- 
cess that is normally limited to cells committed to B-cell 
differentiation. The Ig genes are composed of discontinu- 
ous segments of minigene families that, when productively 
rearranged, encode for the heavy chain and the k or A light 
chains. 


—— 
ADVANCED CONTENT 


The heavy chain gene (on chromosome 14) is composed of 
four minigene families including the variable (VH), diver- 
sity (DH), joining (JH), and constant (CH) regions. The CH 
region has separate DNA sequences that encode for the dif- 
ferent Ig isotypes including mu (1), delta (5), gamma (yy), 
alpha (c), and epsilon (€). The V, D, and J regions are the 
first to undergo rearrangement, forming a VDJ complex. In 
this process, intervening sequences (introns) are excised, 
and the V, D, and J regions are spliced together. Messenger 
RNA is transcribed from this VDJ complex along with DNA 
sequences downstream from it, including an intron and the 
constant 2 (Cy) region. The mRNA itself is then spliced 
to bring the VDJ complex next to the Cy region, creating 
a template for cytoplasmic 1-heavy chain synthesis. This 
process is closely followed by a similar rearrangement of 
the x gene (on chromosome 2), which if unsuccessful, is 
in tun followed by rearrangement of the A gene (on chro- 
mosome 22). As B-cell development continues, the heavy 
chain may undergo additional rearrangements in the CH 
region, which initiate an isotype switch from 2 to 827 Both 
IgM and IgD are expressed on the surface of the majority 
of mature B cells (Fig. 17-26). 
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FIGURE 17-27 E-rosette formation in aT cell. 
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B cells, thymocytes express TdT and unique surface mark- 
ers (Fig. 17-28). CD7, which is present on early thymocytes, 
18 one of the earliest T-cell markers to be expressed; it is 
also the most sensitive marker for T-cell ALL. Its expres- 
Sion is followed by that of CD2 and CDS. As the thymo- 
Cyles move into stage II of thymic development, they express 
CD1, a marker of common thymocytes, along with CD4 and 
CD8 coexpression, CD3 is the next marker to be expressed; 
it is usually absent or only weakly expressed at stage II, but 
it is fully expressed in the mature thymocyte (stage III). At 
this stage, CD1 and CD4 or CD8 are lost, giving the mature 
thymocyte a CD4 or CD8 phenotype.” 


> ADVANCED conTENT 


During thymic maturation, the T cell synthesizes an 
antigen-receptor molecule called the T-cell receptor (TCR), 
which is closely associated with the CD3 molecule on the 
plasma membrane. Two TCR isotypes have been discov- 
ered, TCR-aB and TCR-y5. The genes that encode for 
the a, B, y, and 8 polypeptides undergo rearrangement 
in a manner that parallels Ig gene rearrangements in the 
B cell. The TCR-B gene rearrangements (on chromosome 7) 
precede TCR-a rearrangements (on chromosome 14). Less 
is known about the y and 8 genes or about the function of 
the TCR-~y6, but it is clear that rearrangement of the y gene 
precedes that of the « and B genes. The majority of mature 
T cells express the TCR-a isotype.* 
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FIGURE 17-28 Normal T-cell matu- 
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Clinical Findings 

B-lymphoblastic leukemia/lymphoma (B-ALL) is primarily 
a disease of children. The clinical presentations of ALL are 
nonspecific, such as palpable liver and spleen, bone pain, 
fever, pallor, and bruising. Many patients have peripheral 
blood findings associated with neutropenia, anemia, and 
thrombocytopenia, with variable white counts. Symptoms 
result in infections, easy bruising or bleeding, and fatigue. 
Primary complaints may be bone pain, fever, and/or weight 
loss. T-lymphoblastic leukemia/lymphoma (T-ALL/LBL) 
is primarily a disease of adolescent males who present with 
lymphadenopathy or a mediastinal mass and occasional bone 
marrow involvement. 


Morphology 

The classification of ALL relies heavily on immunopheno- 
typic, molecular, and cytogenetic characteristics of the clonal 
blast population. Morphologically, T-cell ALL/LBL is indis- 
tinguishable from B-cell ALL/LBL. The peripheral blood 
smear reveals two main types of lymphoblasts. First are large 
lymphoblasts with a moderate N:C ratio, multiple prominent 
nucleoli, and membrane irregularities. These cells may be eas- 
ily confused with myeloblasts. The more prominent cell type is 
the small lymphoblast with high N:C ratio, condensed nuclear 
chromatin, and indistinct nucleoli. A few azurophilic granules 
in the cytoplasm may be seen, with an absence of Auer rods. 


Historical Classification: FAB Classification of ALL 
Historically, ALL was subtyped using the French-American- 
British (FAB) classification system. The morphology of these 
groups is evaluated on a bone marrow aspirate smear rather 
than peripheral blood. 

The FAB classification system separates ALL into three 
morphological groups: 


1. L1: Small, uniform lymphoblasts (Fig. 17-29) 

2. L2: Large, pleomorphic lymphoblasts (Figs. 17-30 and 
17-31) 

3. L3: Burkitt’s type (vacuolated and deeply basophilic 
cytoplasm in the lymphoblasts [Fig. 17-32]) 


As mentioned previously, genetic findings better predict 
prognosis. Today, most treatment centers have abandoned 


FIGURE 17-29 ALL, L1, bone marrow. 


FIGURE 17-30 ALL,L2, bone marrow. 


FIGURE 17-32 ALL, L3, bone marrow. 
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mu chain.’ Although immunophenotype is no longer routinely 
used to distinguish between pro-B-cell and pre-B-cell ALL, it 
Temains useful for identifying ALL and typically has clinical 
and genetic correlation. 

For example, it was previously noted that the difference 
between children with pre-B-cel] ALL (Cp present) and early 
pre-B-ALL (Cy absent) was important because the former was 
associated with a worse outcome. The distinction was based 
on blast immunophenotype. Both groups showed a high rate 
of achieving complete remission, but patients with pre-B-cell 
ALL appeared to have a shorter duration of remission.” Sub- 
sequent analysis established that 20% to 30% of pre-B-ALL 
pediatric patients have a translocation of chromosomes | and 
19 t(1;19), which was considered an unfavorable prognosis 
before modern chemotherapy.” This rearrangement is not 
generally found in cases of early pre-B-cell ALL. Basing the 
distinction on cytogenetic immunophenotype, rather than blast 
immunophenotype, results in a more precise distinction, which 
contributed to targeted therapy effecting prognosis. 

Pre B-cell ALL will typically show genetic abnormali- 
ties; however, it does not fall within the WHO classification 
system for B-ALL with recurrent genetic abnormalities. As 
mentioned previously, recurrent genetic abnormalities have 
become important for determining prognosis and guiding 
treatment,*' Genetic alterations associated with unique pheno- 
types or prognostic implications are classified as B lympho- 
blastic leukemia with recurrent genetic abnormalities. 


B Lymphoblastic Leukemia/Lymphoma With Recurrent 
Genetic Abnormalities 

B lymphoblastic leukemia/lymphoma with recurrent genetic 
abnormalities are biologically distinct subtypes of A~-BLL that 
have prognostic value.” 


B Lymphoblastic Leukemia/Lymphoma With t(9;22) 
(q34.1;q11.2);BCR-ABLI 

B-ALL with t(9;22) is associated with high-risk B-linea 
ALL and is the most common chromosomal abnormality in 
adults. Up to 50% of patients above the age of 60 may show 
the Philadelphia chromosome.* This form of ALL was almost 
uniformly fatal in all age groups, but recent addition of tyro- 
sine kinase inhibitor therapy to chemotherapy has shown 
increased long-term survival.“ Blasts usually express CD10, 
CD19, and CD34, and many express some myeloid ant 

like CD13 and CD33- Expression of CD25 is characteris- 
tic of B lymphoblastic leukemia with (9; 22) im adults. The 
1(9;22) translocation results in fusion of the ABL oncogene on 
chromosome 9 with the BCR gene on chromosome 22. The 
majority of childhood cases show a p190 BCR-ABLI fi 
protein, while half of adult cases show p210 fusion protein.” 
No significant clinical difference is noted between the fusion 
proteins. Philadelphia chromosome may be detected by cyto- 
genetics, next generation Sequencing, RT-PCR, and FISH. 


B Lymphoblastic Leukemia/Lymphoma With t(v;11q23_3) 


KMT2A (MLL) Rearranged 

B-ALL with KMT24 rearrangement is a high-risk B-ALI that 
shows a translocation between KMT24 (MLZ) at 114233 with 
a wide variety of gene partners. The most common ger 
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with KMT724 is AFF! on chromosome 4q21; however, a mul- 
titude of other partners have been reported that do not affect 
the poor prognosis associated with this genetic abnormality.” 
This translocation is seen in the most common form of ALL 
in infancy and becomes more common with age in adulthood. 
Clinical presentation of the patient is typically associated with 
central nervous system involvement and a white blood cell 
count greater than100 X 10%/L.*° The majority of acute leuke- 
mias with a KM724 rearrangement show expression of CD15 
and are CD10 negative by flow cytometry.*® Translocations 
involving the KM724 gene can be evaluated through cytoge- 
netics, next generation sequencing, RT-PCR, and FISH. 


B Lymphoblastic Leukemia/Lymphoma With t(12;21) 
(p13.2;q22.1);ETV6-RUNX1 

Generally considered as a common translocation in precursor 
B-cell ALL in children, the t(12;21) occurs in about 25% of 
cases.*’ This subtype of ALL is associated with a favorable 
prognosis, especially when associated with other favorable 
risk factors. It is rarely found in infants or adults. The trans- 
location results in fusion of the ETV6 (TEL) gene on chromo- 
some 12 and the RUNX/ (AML1) gene on chromosome 21q. 
This gene fusion has a negative effect on transcription factors 
required for hematopoiesis.** Flow cytometric findings typi- 
cally show strong expression of CD10 and absence of CD20. 
This translocation is detected by cytogenetics, next generation 
sequencing, RT-PCR, and FISH. 


B Lymphoblastic Leukemia/Lymphoma 

With Hyperdiploidy 

B-ALL with hyperdiploidy is common in children, accounting 
for 25% of cases in children under the age of 10. It is uncom- 
monly seen in adults and infants. Hyperdiploidy is generally 
associated with a favorable prognosis. By definition, the blasts 
will show greater than 50 chromosomes without other recog- 
nized recurrent genetic alterations identified. Extra copies of 
chromosomes 21, X, 14, 10, 17, and 4 are the most commonly 
associated with this subtype of leukemia, while least seen 
with chromosomes 1, 2, and 3.” The most favorable prognos- 
tic group in this category is associated with gains of chromo- 
somes 4, 16, and 17. Hyperdiploid B-ALL can be detected by 
cytogenetics, flow cytometric DNA index, and FISH studies. 


B Lymphoblastic Leukemia/Lymphoma 

With Hypodiploidy 

B-ALL with hypodiploidy is uncommon and associated with 
a poor prognosis in both adults and children. In this subtype 
of leukemia, the blasts show less than 46 chromosomes, 
B-ALL with hypodiploidy has been further subdivided into 
three categories: high hypodiploidy (42 to 45 chromosomes), 
low hypodiploidy (33 to 39 chromosomes), and near haploidy 
(23 to 29 chromosomes).*’ As chromosome number decreases, 
the prognosis becomes poorer; near haploidy has the worst 
prognosis.” Hypodiploid B-ALL can be detected by cytoge- 
netics, flow cytometric DNA index, and FISH studies. 


B Lymphoblastic Leukemia/Lymphoma With t(5;14) 
(q31.1;q32-3)/L3-IGH 

B-ALL with t(5;14) is rare and has been reported in both 
adults and children with an intermediate prognosis. Patient 
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B Lymphoblastic Leukemia/Lymphoma With t(1;19) 
(q23;p13.3);TCF3-PBX1 

B-ALL with t(1;19) accounts for approximately 6% of chik 
hood cases. While it has been reported in adults, it is less yu, 
monly seen in older age groups. Historically, it was associa 
with a poor prognosis; however, modern chemotherapy hy 
shown improved survival upgrading the subtype to an inte. 
mediate prognosis.™ This translocation results in the fuse 
of the PBX/ gene on chromosome | with the TCF3 (fj 
gene on chromosome 19 and the formation of an abnom 
fusion protein.» It is closely associated with strong CD\()m! 
negative CD34 expression on the leukemic blasts. The rv 
rangement can be detected by RT-PCR methods and Fists 
many cases. 


B Lymphoblastic Leukemia/Lymphoma 

With BCR-ABL1-Like (Provisional Entity) 

B lymphoblastic leukemia/lymphoma, BCR-ABL ]-like st 
heterogeneous group of leukemias lacking the BCR-ALL 
translocation and is associated with an unfavorable pro 
sis. These leukemias show a similar gene expressi0! la 
to B-ALL with BCR—ABL/ through translocations i 
ing other tyrosine kinases, translocations involving wa 
receptor genes (CRLF 2), and activating mutations on 
tions in critical genes such as tyrosine kinase gen’s * id 
signaling pathways.°*’ Current data show half o! ee 
kemias demonstrate a CRLF 2 rearrangement, jae’ 
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children with Down syndrome. The prevalence any a 
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B lymphoblastic leukemia, while making UP Ge soph 
childhood B-ALL.* Clinical presentation and imm 
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FISH may not show the gene mutations of el 
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21. Individuals with a Robertsonian trans- 
of have a markedly increased risk of developing this 
Jocation of leukemia, but etiology is not fully understood." 
he poor osis and high risk of relapse associated 
Gin MP2 7, these children are typically treated with a more 
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stic Leukemia/Lymphoma (T-ALL/LBL) 
About 15% to 25% of patients with ALL have T-cell ALL.*! 
Historically, T-ALL cases were further categorized into one 
of the three stages of intrathymocyte development based on 
immunophenotype, but the prognostic significance of where 
the lymphoblasts are in these stages of development remains 
uncertain." Cytoplasmic CD3, CD2, and CD7 are expressed 
early in development. Surface CD3 is expressed after cyto- 
plasmic CD3. CD7 is a very reliable marker of T-cell ALL, 
but CD2 and CDS are also expressed in many cases.** A small 
Subset of T-cell ALL cases express CD10 or CALLA, which is 
also seen on peripheral T-cell lymphoma and many B-ALLs.** 
T ly, CD4 and CD8 are occasionally coexpressed in 
corresponding to a later stage of thymocyte 
development, but before selection of either CD4 or CD8 on 
mature T cells. Like the lymphoblasts of B-ALL, the lympho- 
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receptor genes.'? Chromosomal rearrangements, duplication/ 
application of transcription factors, and gene deletions illu- 
minate the genetic development of T-ALL. Recent advances 
in gene expression profiling suggest possible distinct genetic 
subgroups in the classification of T-ALL. Genetic subgroups 
based on specific translocations associated with distinct 
stages of thymic development have been proposed (aberrant 
expression of TAL/LMO, TLX1, TLX3, and HOXA genes). 
One of the more commonly involved genes, TLX/, has been 
associated with a favorable prognosis and can be seen in up 
to 30% of adult cases. In addition, impairment of CDKN2A 
and hyperactive NOTCH] are important oncogenetic events 
that have been identified in greater than 50% of T-ALL 
cases.” Cases with NOTCH/ mutation have been associated 
with shorter survival rates in adults. As advances in molec- 
ular techniques and accumulation of genomic data increase, 
opportunities for targeted therapy and prognostic groups for 
T-ALL/LBL are anticipated soon. 


Early T-Cell Precursor Lymphoblastic Leukemia 

(Provisional Entity) 

Early T-cell precursor acute lymphoblastic leukemia/ 
lymphoma (ETP-ALL/LBL) is a recently recognized sub- 
type of T-cell acute lymphoblastic leukemia/lymphoma that is 
relatively uncommon. This subtype of leukemia can be seen 
in 10% of childhood cases and 5% to 10% of adult cases. The 
morphology is similar to other forms of acute lymphoblas- 
tic leukemia, but the immunophenotype is distinct and shows 
an antigen expression pattern with one or more myeloid/stem 
cell markers.® Immunophenotypic findings for ETP-ALL/ 
LBL typically showed expression of CD7 and cytoplasmic 
CD3, while lacking CD8, CD1a, and CDS. Expression of one 
or more myeloid stem cell markers is required for diagnosis 
(CD34, CD117, HLA-DR, CD13, CD33, CDI1b, and/or 
CD65). It is important to note that expression of MPO is 
lacking, as MPO positivity would be supportive of a mixed 
phenotype acute leukemia.’ This subtype of leukemia high- 
lights the fluidity between immature precursor T cells and 
myeloid lineage, supported by the fact that these leukemias 
show higher frequencies of mutations in FLT3, RAS, IDH. 
and DNMT34, which are typically associated with myeloid 
leukemia.® T-cell genetic mutations such as NOTCH! and 
CDKN? are seen in lower frequencies. © Initially ETP-ALL/ 
LBL represented a high-risk disease subtype with an overall 
poor long-term outcome; however, prognostic significance is 
currently still evolving. 


Burkitt's Leukemia/Lymphoma 

(Mature B-CELL ALL) 

Recall that the FAB classification scheme had three cat 

ries of ALL based on blast morphology. L3 lymphoblasts 

were Burkitt-like and morphologically had the features of 

lymphoblasts, so were classified as ALL. The WHO classifi- 

cation, with its emphasis on immunophenotype and genetics, 

does not include the FAB L3 subtype of ALL in its precursor 

B-cell ALL classification, because Burkitt-like lymphoblasts 

lack the immunophenotypic characteristics of an early B cell: 
namely, TdT is negative. The leukemic B cells in Burkitt’s 
leukemia, previously called B-cell ALL, are derived from q 
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transformed or stimulated B cell; they are more mature B cells 
than the lymphoblasts in precursor B-ALL (see Chapter 22). 


Childhood versus Adult ALL 

The incidence and prognosis of ALL differs markedly with 
age. Disregarding genetics, recall that one of the most impor- 
tant clinical predictors of outcome in ALL is age, with patients 
10 years old or older and infants younger than 1 year having 
a worse prognosis. Overall, about 90% of pediatric patients 
are alive and disease-free at 5 years compared with signifi- 
cantly lower rates in adults with ALL. For this reason, ALL 
may be considered in two subcategories: childhood ALL and 
adult ALL. 

There are genetic and morphological differences between 
adult and pediatric ALL. L1 morphology occurs most fre- 
quently in the pediatric age group, whereas the L2 type tends 
to be seen in adults. The t(9;22), a poor-prognosis transloca- 
tion also known as the Philadelphia chromosome, has a sig- 
nificantly greater frequency in adult precursor B-cell ALL.” 
B-ALL with KM724 rearranged are more commonly seen in 
infant B-ALL patients and largely account for the disappoint- 
ing prognosis for ALL in patients less than 1 year old.“ The 
most common cytogenetic abnormality in pediatric ALL is 
1(12;21), seen in about 25% of pediatric cases and associated 
with a favorable prognosis. 

Many patients diagnosed with ALL will achieve a com- 
plete remission, and many are potentially cured. Unfortu- 
nately, some patients relapse or eventually die of their disease. 
The therapy used to achieve a cure has toxic effects that are 
a special concern in growing and developing children. To 
select the patients who will have an optimal response to less 
aggressive therapy, investigators have identified prognos- 
tic factors and defined clinical risk categories. These tools 
allow clinicians to better select the type and intensity of ther- 
apy to match each patient’s risk of relapse most optimally 
against long-term sequelae of treatment. To date, indicators 
of a poor prognosis include older age, a high white blood cell 
count (more than 20 X 10°/L), and particular genetic abnor- 
malities, such as (9;22) BCR-ABL1, KMT24 rearrangement, 
and hypodiploidy.'*° T-cell or mature B-cell phenotypes, 
often showing L2- and L3-type morphology, have also been 
associated with less favorable prognosis.'? Children with a 
low white blood cell count and certain genetic abnormali- 
ties such as (12;21) TEL~AMLI and hyperdiploid lympho- 
blasts (more than 50 chromosomes) have a more favorable 
prognosis.'* 


Acute Leukemias of Ambiguous Lineage 

The advent of immunophenotyping, molecular, and genetic 
techniques has resulted in the understanding that some acute 
leukemias lack clear lineage but show characteristics of 
both myeloid and lymphoid, or rarely both B and T lym- 
phoid lineages.*” Diagnosis of ambiguous lineage leukemias 
is established through flow cytometric immunophenotyping 
of the acute leukemia, resulting in fewer than 2% to 5% of 
cases falling into the ambiguous lineage category. Acute 
leukemias of ambiguous lineage generally have a poor prog- 
nosis. They can occur in children or adults but are more 
commonly seen in adults.” Ambiguous lineage leukemias 
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should be distinguished from AML with aber, 
antigen expression or ALL with one or two thivate 
; ‘ _~ Myeloig 

gens. Leukemia subtypes for ambiguous linea 1 any 
include biphenotypic and bilineal. Both bipheno 
bilineal ambiguous leukemias are Currently im. Is an 
mixed phenotype acute leukemias (MPAL), Biphe 0% 
leukemias show lymphoid and myeloid antigens it 
pressed by a single population of leukemic cells, while bas 
eal leukemia shows separate blast populations with di 4 
lineage-specific phenotypes.” Biphenotypic leukemias 
been reported to evolve immunophenotypic ana 
over time with the possibility of developing two Hi: e 
lineage-specific blast populations (bilineal), In ati 
MPAL can relapse as pure AML or ALL posttreatment Che 
teria for assigning more than one lineage to single blast op. 
ulation are recommended based on the immunophenotyy. 
findings of the blasts. The most important lineage-speci 
antigens are CD19 expression with cytoplasmic CDi 
cytoplasmic CD22 or CD10 expression for B-lymphoij 
lineages; cytoplasmic CD3, or less commonly surface (D3, 
or IHC for polyclonal anti-CD3 for T-lymphoid lineages 
and myeloperoxidase (MPO) or monocytic differentiation 
for myeloid lineages.'? Current classification by the Wi0 
further defines the ambiguous lineage leukemias based 
the lineage specific markers that may be expressed (mie! 
phenotype acute leukemias) or complete lack of linage 
specific markers (undifferentiated acute leukemia). 

Treatment in ambiguous leukemia is evolving, but tiet 
are no current standard therapy guidelines. The majotil)® 
ambiguous lineage leukemias are treated as ALL in chile 
and adults, while AML therapy is used in cases lacking col 
or other lymphoid features. Recent studies have propas 
treatment algorithms based on underlying genetic findings 
For example, treatment as ALL for the genetic abnormal 
such as BCR/ABL1, ETV6/RUNXI, and TCF3/PBM Me 
treating with AML therapy for RUNXI/RUNXITI, ? 
RARA, and CBFB/MYH1/ leukemias. 
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Acute Leukemia of Ambiguous Lineage, N 
Otherwise Specified 

Acute leukemias of ambiguous linea, Oe eg cl 
ified, are a group of leukemias with expression iH cation ® 
nation of markers that do not allow further aa ett 
either acute undifferentiated leukemia oF mixe P an? 
acute leukemia.'? This subtype of leukemia ee hit 
occur in both children and adults. Acute leuker até 
ous lineage lack a unique immunophenotyp'* i include™ 
an acute leukemia with ambiguous lineage “ a at ‘p! 4 
kemic blasts that express T-cell-associated mar" cp} 
CDS) and myeloid-associated antigens ( D sion’ Dis 
and lack cytoplasmic CD3 and MPO yi ee oh 
weak expression of markers with limited a fie Og 
in combination with more definitive linea +a ry 
would not support a diagnosis of ambiguous gefiit® 4 
cases should be classified along the lines of y 1 og 
eage specific markers of the blasts ¥ ith @ ll we 
of other markers. An example would ine ude cell ” 
leukemia with aberrant expression of B- © 
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ge, not others e 


as erally considered to be poor, with acute 
The er therapy usually attempted. 

myeloid Mimark of these rare leukemias of ambiguous lin- 
4 sani that the overall findings are insufficient to classify as 
eage 1S or lymphoid or the antigen expression is truly ambig- 


and shows significant coexpression across lineages. 


[MPAL NOS] 

This subcategory is characterized by leukemic blasts that show 
Gee of both T-cell and B-cell lineage, which is extremely 
rare. Given the rarity of these cases, there are no defining char- 
acteristics for clinical features, genetic abnormalities, progno- 
sis, or therapy. The WHO notes the importance of maintaining 
strict criteria for determination of lineage as described to 
avoid oyerreporting. For example, T lymphoblastic leukemia 
with expression of CD79a and CD10 should not be consid- 
ered mixed phenotype or evidence of B-cell differentiation, 
as these markers have been associated with T lymphoblastic 
leukemia. Very few cases of trilineage (myeloid, B-cell, and 
Tell) leukemia have been recognized. No evidence to date of 
mixed B/T lineage with megakaryocytic or erythroid lineage 
has been identified. 


Acute Undifferentiated Leukemia 

Acute undifferentiated leukemia is a rare leukemia that 
shows no specific markers for either lymphoid or myeloid 
lineage. Despite the limited data, these leukemias are asso- 
Gated with @ very poor prognosis and are often associated 
"_ Senetic mutations (BAALC, ERG, and MN/) linked to 
Flow Prognostic indicators in acute myeloid leukemia.” 
and ale Studies show these leukemias to lack T-cell 
Ben id markers (cytoplasmic CD3 and MPO), as well 
and stro, a (cytoplasmic CD22, cytoplasmic CD79a, 
blasts with, D19). Typical undifferentiated leukemias show 
CD34, but go immunophenotype positive for HLA-DR and 
be anos than one marker for any lineage should 
Should ~~ Comprehensive immunophenotypic studies 
NK Performed to rule out megakaryocytic, basophils, 


ict FS, Plasmacytoi iti hemato- 
Poletic tumors, 3 ytoid dendritic cells, or non! 


syed Phenotype Acute Leukemia MPAL, Not Otherwise 


ied tyPe Acute L (9:22 

1:q11.2), BCR-ABL1 eukemia (MPAL) With t(9:22) 

PoPulati Acute leukemia with BCR-ABLI shows 8 
on o : 
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Seen in mj ile it is the most common genetic abnor- 

SSounts for | Ixed peotype acute leukemia, this leukemia 

% of all acute leukemias and can be 
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"elon hi and adults. Occasionally, morphologi- 

and €al a dimorphic blast population with both 

Phoblasts identified. The most common 


by Vtogener,.,. Vi! cases show Philadelphia chromo- 


ting P199 8a Or BCR/ ABL/ translocation by FISH! 
Neatign f P210 ~ On transcript is most reported, while the 


“Rig aan CML ~°N transcript should prompt further inves- 
. mixed blast crisis." This type of leuke- 
& Very poor prognosis, particularly for 
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adults. Recent studies have shown treatment with tyrosine 
kinase inhibitors as part of chemotherapy have improved 
patient outcomes.” 


Mixed Phenotype Acute Leukemia With t(v;1 1q23.3); 
KMT2A Rearranged 

Mixed phenotype acute leukemia with KMT2A rearrangement 
shows a population of blasts with a translocation involving 
KM724 in combination with criteria to meet the definition 
of mixed phenotype acute leukemia. Morphological review 
typically shows a dimorphic population of blasts with lym- 
phoblasts and myeloblasts/monoblasts identified. As in acute 
lymphoblastic leukemia with KM72A translocations, the rear- 
rangement of KM72A most commonly involves chromosome 
4 (partner gene: AFF/)."? Given that many acute lymphoblas- 
tic leukemias may express myeloid antigens, it is important 
to note that such cases would not be considered a mixed phe- 
notype acute leukemia. Detection of the KM72A rearrange- 
ment can be done by standard karyotyping, FISH, and PCR. 
Mixed phenotype acute leukemia with KM724 is a rare form 
of leukemia, which is more commonly seen in children, espe- 
cially infants. These patients typically have a poor prognosis. 
Cases are usually treated as ALL, but treatment may differ 
based on the presence of myeloid markers. 


MPAL, B/Myeloid, Not Otherwise Specified 

Mixed phenotype acute leukemias, B/myeloid not otherwise 
specified, show expression of both B-cell and myeloid com- 
ponent. The B-cell component, as previously mentioned, is 
characterized by strong CD19 with either cytoplasmic CD79a, 
cytoplasmic CD22, or CD10. If the expression of CD19 is 
weak, then expression of two out of the three B-cell mark- 
ers is required (cytoplasmic CD79a, cytoplasmic CD22, or 
CD10)."° The myeloid component should show expression 
of MPO by flow cytometry, immunohistochemistry, or cyto- 
chemistry. If MPO is lacking in the blast population, then 
monocytic differentiation with the expression of at least two 
monocytic markers (nonspecific esterase, CDlIe, CD14, 
CD64 lysozyme) should be present. ® Typically, MPO-positive 
blasts will show other myeloid markers such as CD13, CD33, 
and CD117, while expression of mature B-cell markers is 
uncommon. Morphology may show a dimorphic population 
of blasts or show blasts with features similar to lymphoblas- 
tic leukemia. Most cases show genetic abnormalities such as 
structural abnormalities of chromosomes (chromosome 6, 
12, and 7 have been reported) and numerical abnormalities 
including near tetraploidy.” In addition, recent advances have 
shown a gene expression profile that is intermediate between 
acute lymphoblastic leukemia and acute myeloid leukemia, 
which raises the possibility of additional genetic subtypes 
within this category in the future. Mutations typically found 
in acute lymphoblastic leukemia and acute mycin leukemia 
have been reported, such as ASXL/, TETI/2, IDHI, IDH2. 
DNMT3A, and NOTCH1.™ Mixed phenotype acute leukemia 
with B/myeloid lineage !s rare, accounting for 1% of all leuke- 
mia cases. Both adults and children are affected, but it appears 
mon in adults. The prognosis is generally con- 
ven that many of the identified mutations and 
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prognosis. Various combinations of treatment have been tried, 
but there are currently no standard guidelines. 


MPAL, T/Myeloid, Not Otherwise Specified 

Mixed phenotype acute leukemia, T/myeloid, not otherwise 
specified, demonstrates both T and myeloid lineage, but no 
recurrent genetic abnormalities have been defined to date. The 
T-cell lineage component is characterized by strong expres- 
sion of cytoplasmic CD3 by flow cytometry.’ T-cell lineage 
can also be determined using polyclonal anti-CD3 antibody 
immunohistochemistry, but activated NK cells may show 
positive staining; thus IHC is not entirely specific for T-cell 
lineage.'* In addition, T-cell origin can also be characterized 
by surface CD3 expression, but this is quite rare for mixed 
phenotype acute leukemias and typically represents a separate 
population of T-cell lineage blasts.”4 The T-cell component of 
the blasts may also express other T-cell markers such as CD7, 
CDS, and CD2. Determination of myeloid lineage is the same 
as previously described, with MPO in the blast population 
as the hallmark of myeloid lineage. Myeloblasts and mono- 
blasts commonly can express other myeloid-associated mark- 
ers, such as CD13, CD33, and CD117. As with other mixed 
phenotype acute leukemias, MPL with T/myeloid lineage 
is rare and accounts for less than 1% of all leukemia cases 
in both adults and children.” The morphological features 
are similar to other mixed phenotype leukemias, with blasts 
lacking distinguishing features (as in acute lymphoblastic 
leukemia) or showing a dimorphic blast population. While 
clonal chromosomal abnormalities are typically identified, 
none are frequent enough to suggest specificity for this 
subtype of leukemia.'? This leukemia subtype is generally 
considered to be associated with a poor prognosis. Various 
combinations of chemotherapy have been attempted, but there 
are no standard recommendations to date. 


Treatment of Acute Leukemia 


Therapy for acute leukemia (AL) is among the most com- 
plex of any anticancer programs. The goals of therapy for 
AL are to eradicate the leukemic clone, reconstitute normal 
hematopoiesis, and prevent any emergence of resistant leu- 
kemic subclones. Antileukemic therapy generally consists of 
three distinct phases: induction, consolidation, and mainte- 
nance.’®77 Induction therapy is designed to attain complete 
remission as quickly as possible; its success is one of the 
best predictors of long-term disease-free survival. Remis- 
sion occurs when the patient’s blood counts return to normal 
and bone marrow samples show no morphological or genetic 
sign of disease. Induction therapy achieves a remission 
in more than 95% of children and in about 75% to 89% of 
adults.®° Induction therapy can be very intense and last about 
| month.”’ After induction chemotherapy, the next step is typ- 
ically consolidation chemotherapy, depending on the patient 
and type of leukemia. The goal of consolidation therapy is 
to reduce the number of disease cells left in the body. The 
drugs and doses used during consolidation therapy depend 
on the patient’s risk factors. Consolidation therapy typically 
lasts for four to eight months.”’ Maintenance therapy usually 
starts after a patient stays in remission following induction 
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and consolidation therapy. The goal is to destro: 
mic cells that may remain to maintain a dise 
Maintenance therapy is less intense than the ot 
and may last two to three years.” 

The specific drugs used, their timing, and dosa We 
remarkably among different AL subtypes. Results of AL fer 
apy have improved over the past 20 years, with current} ther. 
tigation focused on targeting molecular markers ¢o pr 
therapies that are more patient- and disease-specifi, ; 
example of genetic alterations leading to targeteq treatm 
includes acute promyelocytic leukemia with PML Rig, 
(APL). Early recognition of APL is crucial because le 
increased risk for fatal hemorrhage secondary to disseminateg 
intravascular coagulation; thus the appropriate treatment for 
APL is different from that employed for other types of AML 
with this risk in mind.’”* APL therapy is curative in most Patients 
anticipated cure rates can be as high as 90% depending 0 
other prognostic factors.” The addition of all-trans-retinoi 
acid (ATRA) to AML chemotherapy increases the complet 
remission rate and dramatically reduces the relapse tate in 
APL patients.”*”* Another example of a targeted therapy 
is the use of imatinib, a tyrosine kinase inhibitor, as well x 
chemotherapy for Philadelphia chromosome-positive ALL ln 
addition to use of tyrosine kinase inhibitors and chemother 
apy, treatment may include hematopoietic stem cell transplar 
tation once molecular remission is achieved. This regimen as 
resulted in a considerable improvement in outcomes in thi 
formerly very unfavorable subgroup of ALL patients withou! 
significantly increasing toxicity.* 

Response to therapy for AL is measured by sevetl 
parameters. A complete remission (CR) has traditionally 
been defined as normalization of peripheral blood cout 
and a return to normal bone marrow hematopoies's The 
blast percentage should be normal, and there should be® 
persistence of disease either morphologically or with is 
cytometric analysis. Cytogenetic analysis 1s typically ge 
formed before and after therapy, and the absence 0!® aA 
ously identified genetic abnormalities is another impo " 
component of CR. Newer techniques, such as mult 
tic flow cytometry and molecular methods, ca" ae 
levels of disease below the level detected by mo?” 

A } karyolypl 
cal review, immunophenotyping, or standard “rot 
which illustrates that the achievement of a eet i 
plete remission is the best measure of treatmen! £ ; si 
AL. Molecular remission is defined as 4 level # jimit® 
residual disease (MRD) that is below the detec an 
PCR analysis, which is generally one blast!" | “igentt® 
or 100,000 (10°) normal bone marrow cells. soni « 
detectable disease results in significantly worse $j 
The presence of MRD is an independent resi 
that can identify clinical outcomes, primary sd ast we 
and other factors that play a role in therapy eine, 
testing is being used in therapy of many ALto vance of 
making concerning the need for either mainte sity 
more aggressive therapy following ee quart” 
MRD detected by molecular methods, i ates for 
PCR, after consolidation therapy a! eo atatio® st 
intensive therapy such as stem cell transP a 
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cell therapy: Stem cell transplantation has been used 
= leukemia in the setting of certain genetic or chro- 
abnormalities, presence of minimal residual dis- 
moso! induction, and relapse. Recent studies have shown 
eee ty minimal residual disease response in patients 
th acute lymphoblastic leukemia may benefit from alloge- 
- stem cell transplantation.** 
oe ile chemotherapy, radiation, and stem cell transplant 
have been standard therapy for acute leukemias, newer immu- 
herapies are evolving rapidly with promising outcomes. 
One such example of immunotherapy is CAR-T-cell therapy 


Acute leukemia tends to present with a sudden clinical 
onset and rapidly fatal course if untreated. 

e Chronic leukemia has a more insidious onset and an 
indolent clinical course. 

* The neoplastic cells in acute leukemia are immature 
(blasts, early myeloid cells), whereas the neoplastic 
cells in chronic leukemias are more mature. 


* Adiagnosis of acute leukemia is made using current 
WHO criteria by the presence of more than 20% blast 
cells in bone marrow aspirate smears or peripheral blood. 

* Acute leukemia is divided into two basic categories 

based on cell lineage: myeloid and lymphoid. 

The distinction is critically important because the 

treatment and prognosis are different. 

Myeloblasts are usually large in size and have fine chro- 

matin and prominent nucleoli. Lineage is confirmed by 

cal staining and immunophenotyping. 
wmPhoblasts tend to be small- to medium-sized blasts 
" dense chromatin and less distinctive nucleoli. 

___ ineage is confirmed by cytochemical staining and 

sS “™munophenotyping. 
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nd weight loss over the past month 
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have an elevated white blood cell 
der of circulating blasts. 
hation of the patient showed an anx- 
n whose vital signs were normal, 
elevated temperature (37.6°C). Her 
d and inflamed. She had no adenop- 
‘¢ spleen were not palpable. 
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for relapsed/refractory acute lymphoblastic leukemia, in which 
a patient’s own T cells are genetically engineered to recognize 
and kill cancer cells. Modification of the T cells occurs by 
Insertion of genes that encode for tumor-specific chimeric anti- 
gen receptors (CAR), for example, CD19 for B-ALL. These 
modified T cells are subsequently infused into the patient and 
have shown significantly improved, even free, survival rates 
for patients with B-ALL. The integration of genetic markers 
into treatment schema is evolving rapidly, with new observa- 

tions providing pivotal information about disease mechanisms 

and potential new drug targets, 


SUMMARY CHART 


e Auer rods are pathognomonic for myeloblasts in AML. 


e Using cytochemical stains, myeloblasts are positive for 
myeloperoxidase (MPO) and Sudan black B. 


e Nonspecific esterase (NSE) is positive in blasts with 
monocytic differentiation. 


e Flow cytometry is an extremely useful tool for analyz- 
ing cell surface and cytoplasmic antigen expression in 
leukemia blasts and can be effective in differentiation 
AML, B-ALL, and T-ALL, as well as monitoring 
residual disease. 

e Cytogenetic analyses (including karyotype and FISH) of 
leukemic cells can often identify chromosomal abnor- 
malities, which can be critical in directing therapeutic 
decisions. 

e Molecular diagnostic studies are becoming increas- 
ingly important and are used to confirm a suspected 
chromosomal abnormality, identify mutations that can 
affect prognosis and treatment decision, and monitor 
minimal residual disease following treatment or bone 
marrow transplantation. 


Laboratory studies were ordered, and the folloy i 
results were reported: hematocrit, 19.5%; hemoglobin, 
6.3 g/dL; platelets, 64 X 10°L; and white blood cell (WBC) 
count, 79.2 X 10°/L. A peripheral blood smear was manu- 
ally reviewed in the hematology laboratory, and the differ. 
ential diagnosis included 80% blasts. A : 

A bone marrow aspirate and biopsy were obtained, which 
both showed virtually total replacement of normal elements 
with sheets of poorly differentiated cells (Fig. 17-33). The 
aspirate smears showed sheets of blasts. The blasts were rel- 
atively large (1S to 20 pm) with abundant cytoplasm. The 


* varied in shape from round to oval, and some were 
rapa folded; most had sev eral distinct small nucleoli. 
Continued 
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CASE STUDY 17-1—cont’d 


FIGURE 17-33 Case study bone marrow (AML with t(9;11)). 


An occasional blast had delicate azurophilic granules, but 
this was the exception. No Auer rods were seen. The biopsy 
specimen was hypercellular, approaching 100% cellularity 
in some areas. The morphology of the aspirated cells was 
similar to those seen in the peripheral blood, except that 
fewer of the cells had folded nuclei. 

A portion of the aspirate was analyzed using flow cytom- 
etry and showed an increase in blasts and immature mono- 
cytic cells. The blast immunophenotype was as follows: 
CD15, CD13, CD33, CD117, dim CD45, and HLA-DR. 

FISH analysis demonstrated a chromosome rearrange- 
ment involving the KM72A gene (11q23.3). Cytogenetics 
illustrated a translocation (9;11), which results in a rear- 
rangement of the MLLT3 gene at 9p21.3 with the KMT2A 
gene at 11q23 (Fig. 17-34). 

Diagnosis: Acute Myeloid Leukemia with t(9;11); 
KMT2A-MLLT3 

Follow-up: HLA matching was performed on the 
patient’s brother and sister, but neither had a compatible 
tissue type. The possibility of bone marrow transplantation 


FIGURE 17-34 Case study AML- karyotype with t(9;11). 


was subsequently ruled out. The patient was placed on; 
standard protocol for acute myeloid leukemia. 


QUESTIONS 

1. What is the diagnosis and World Health Organization 
(WHO) classification for this patient? 

2. Name the type of blast cell from the description given 
in the bone marrow aspirate and biopsy obtained. 


ANSWERS 

1. This represents a case of acute myeloid leukemia 
(AML) with recurrent genetic abnormalities. AML 
is the most common type of leukemia in adults 
The specific WHO classification is AML with 1(9;11): 
KMT2A-MLLT3. 

The patient demonstrated the typical laboratoy 
results for acute leukemia, namely anemia and O10" 
bocytopenia. The white blood cell count in this acct 
was elevated at 79,200, and 80% blasts were reportee 
in the differential. 

2. The cells were monoblasts since the blasts We : 
with abundant cytoplasm and the nuclei we rou" 
oval with some indented or folded. 
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A 32-year-old man presented to the ER complaining of 
fever, lethargy, and mucosal bleeding. He said that these 
symptoms began 5 to 6 days ago and that he had been in 
a general state of good health. The patient’s past medical 
history was unremarkable. On physical exam, the patient 
appeared ill, pale, and in moderate acute distress. Numer- 
ous purpura were found on his upper and lower extremi- 
ties, which the patient said had erupted over the past several 
days. No hepatosplenomegaly or enlarged lymph nodes 
were noted. 


CBC and examination of the P' ' 
showed mild anemia with numerous SCOP" = apy cit 
cell fragments). Severe thrombocytope™# an gem 
lating atypical mononuclear cells were !S° ne p oi 
laboratory studies showed a markedly prolone® , oe 
bin time and decreased fibrinogen, indicat" 
coagulopathy. itt 

A posterior iliac crest bone marrow ae ay 
biopsy were performed. The bone marrow DS Pe ns 
rate smear revealed a markedly hypet’* ivi 
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FIGURE 17-35 Case study APL with PML-RARA t(15;17). 


with 80% promyelocytes, many with prominent azurophilic 
granulation and abnormal kidney bean-shaped nuclei. 
Some of the promyelocytes contained multiple Auer rods 
(Fig. 17-35). Cytochemical staining with myeloperoxidase 
(MPO) and Sudan black B showed strong staining in these 
promyelocytes. Flow cytometric analysis of bone marrow 
showed a myeloid population expressing CD13, bright 
CD33, CD45(dim), CD117, and no HLA-DR or CD34. 
Interphase FISH studies showed 91% of cells positive for 
the PML-RARA fusion. 


QUESTIONS 
1. , 

What is the predominant leukemic cell in the bone 
Warow aspirate and why? 
ey Ht is the diagnosis and World Health Organization 
a O) classification for tiis patient and why? 

at other type of hemorrhagic manifestations can 

it tis the PML-RARA fusion in APL and what does 

5 Tepresent? 
€ microgranular variant of APL with 
RARA 


2. 
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Prominent azurophilic granules. Some of the cells 
contained multiple Auer rods. Strong staining with 
myeloperoxidase and Sudan black B was observed in 
the promyelocytes. 


. This patient presents with an acute promyelocytic 


leukemia (APL) with PML-RARA. It is under the 
classification of acute myeloid leukemia with recurrent 
genetic abnormalities in the World Health Organization 
classification. The patient presents with the typical 
hemorrhagic manifestations of APL with numerous 
purpura on his upper and lower extremities. The CBC 
confirmed an anemia with numerous schistocytes on 
the peripheral blood smear and thrombocytopenia. The 
patient also had a prolonged prothrombin time and 
decreased fibrinogen, indicating a coagulopathy. The 
abnormal promyelocytes are rich in thromboplastic 
substances that, if released, trigger disseminated intra- 
vascular coagulation (DIC). 


. Bleeding can include petechiae, small ecchymoses, 


hematuria, bleeding from venipuncture and bone 
marrow sites, CNS, and pulmonary hemorrhages. 


_ The PML-RARA represents a translocation that results 


in the fusion of a transcription factor called PML on 
chromosome 15 with the alpha (a)-retinoic acid recep- 
tor gene (RARA) on chromosome 17, giving rise fo one 
of the most striking instances of genotype-phenotype 
correlation in pathology: the hybrid gene, PML-RARA 
It is indicative of the t(15;17) translocation. Cytogenet- 
ics studies can confirm the translocation between the 
long arms of chromosomes 15 and 17 

h granular variant of APL, the abnormal 

a paucity of visible granules and 
the nuclei are ty pically bilobed. These atypical promy- 
elocytes may be confused with monoblasts, but they are 
strongly positive with the myeloperoxidase stain. 

d (ATRA) is the recommended 

RA is a vitamin A analogue that forces the 
es through this stage of development. Due 
ponse to ATRA therapy, the prognosis 
better than for other types of AML 


promyelocytes have 


therapy. AT 
promyelocyt 
to the positive res 
of this leukemia !s 
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A 51-year-old female presented to her primary care physi- 
cian with a history of fatigue and bone pain. On physical 
exam, the patient appeared ill, and no hepatosplenomegaly 
or enlarged lymph nodes were noted. 

A CBC and peripheral blood smear were reviewed. The 
peripheral blood showed numerous blasts with a high 
nuclear to cytoplasmic ratio, dispersed nuclear chromatin, 
and prominent nucleoli. The CBC results are as follows: 


CBC c 
WBC 41.0 107L MCV 84.3 fL 
RBC 4.98 X 10"/L = MCH 26.3 pg 
Het 42.0% MCHC 31.2 g/dL 
Hgb 13.1 g/dL Platelets 174 X 10°7/L 


A bone marrow examination was performed and 
revealed sheets of small blasts having scant cytoplasm 
and indistinct nucleoli (see Fig. 17-36). Flow cytometry 
studies of the bone marrow aspirate were performed and 
showed 63% blasts with the following immunophenotypic 
profile: 


Flow Cytometry 

(D3, surfaceand Negative CD10 Positive 

cytoplasmic 

(D5 Negative 19 Positive 

(D7 Negative 20 Positive 
Spectrum 

(034 Positive (D22, surfaceand _ Positive with 

cytoplasmic dim Surface 

(013 Negative (D79a, cytoplasmic Positive 

(33 Negative MPO Negative 

(D117 Negative TdT Positive 

(025 Dim Positive HLA-DR Positive 


A portion of the bone marrow aspirate was sent for FISH, 
cytogenetics, and next generation sequencing. The FISH 
study showed translocation (9;22) resulting in BCR-ABL] 
gene fusion in 88% of cells analyzed. A cytogenetics study 
showed a complex karyotype, which confirmed the translo- 
cation (9;22), resulting in BCR-ABL] gene fusion. 


REVIEW QUESTIONS 


1. How many blast cells in a bone marrow aspirate smear 
are necessary for a diagnosis of acute myeloid leukemia 
using WHO criteria? 

a. 20% 
b. 15% 
c. 25% 
d. 30% 


FIGURE 17-36 Case study B-ALL with BCR-ABL. 


QUESTIONS 

1. What is the predominant leukemic cell in the bone 
marrow aspirate and why? 

2. What translocation and gene fusion is associated with 
this leukemia? 

3. What is the diagnosis and World Health Organization 
(WHO) classification for this patient’s leukemia? 


ANSWERS 

1. Lymphoblasts are the predominant cell since they 
were small blasts with a high nuclear to cytoplasmic 
ratio, dispersed nuclear chromatin and promineat 
nucleoli. Sheets of lymphoblasts were observed i0 the 
bone marrow examination, and the flow cytometry 0! 
the bone marrow aspirate demonstrated CD10, CD! 
CD34, and CD25 characteristic of B lymphoblast 
leukemia. 

2. A translocation (9;22) resulting in the BC. R-ABLI “ 
fusion was reported in 88% of the cells analyzed we 
the FISH technology. The cytogenetic study showed! 
karyotype, which confirmed the (9;22) translocali® 

3. This patient’s diagnosis and WHO classification ® 
B-lymphoblastic leukemia/lymphoma with 1(9; 4) 
BCR-ABLI. 


— . AM 
What cytochemical stain is best for differentiat®> 
from ALL? 

a. Alpha-naphthy! acetate 
b. Nonspecific esterase 

c. Myeloperoxidase 

d. Periodic acid—Schiff 


a 


-_ 


, QUESTIONS—cont'd 


a is most likely in a patient whose bone 
abnormal proliferation of bizarre eryth- 


ocytic leukemia 
. oid leukemia 
. myeloid leukemia with minimal maturation 


some abnormality occurs in AML with 
RUNXITI? 


oman presents with acute bleeding to 
icy department and is found to have a white 
7 X 10°L with pancytopenia: hematocrit 
count 30 X 10°/L, and absolute neutrophil 
0°Y/L. She has a combination of 93% blasts 
| promyelocytes in her peripheral blood; 

sIis contain stacked Auer rods. What 
ia does she most likely have? 
yeloid with t(15;17) 
oid leukemia 


myeloid with (8:21) 
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CHAP 
TER 17 Introduction to Leukemia and the Acute Leukemias 


7. Cells positive for CD2, CD3, CD5, CD7, and CD8 are 
characteristic of which of the following? 
a. Precursor B-cell ALL 
b. T-cell ALL 
c. Pro B-cell ALL 
d. Reactive lymphocytosis 


8. The CALLA antigen found in ALL is also known as: 
a. CD8 
b. CD9 
c. CD10 
d. CD11 


9. Which of the following is the most common genetic 
alteration observed in ALL? 
a. t(1;19) PBXI/E2A 
b. (12:21) ETV6-RUNXI 
c. t(9;22) BCR-ABLI 
d. t(1;19) TCF3-PBX1 


10. The purpose of induction therapy includes: 
a. Attainment of remission state as quickly as 
possible 
b. Elimination of tumor cells from tissues 
c. Prevention of disease progression 
d. Bone marrow transplantation 


See answers at the back of this book. 
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Myeloproliferative Neoplasms | 


Chronic Myelogenous Leukemia 
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CHAPTER OUTLINE 


Chronic Myelogenous Leukemia 


Atypical Chronic Myelogenous 


Case Study 18-1 


Etiology Leukemia Case Study 18-2 
Pathogenesis Chronic Neutrophilic Leukemia Review Questions 
Clinical Findings f pe : References 
Phases Chronic Eosinophilic Leukemia, Not 


Laboratory Testing and Results 
Differential Diagnosis 
Prognosis 

Treatment 


Unclassifiable 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


18-1 State how chronic myelogenous leukemia is differen- 
tiated from the other myeloproliferative neoplasms, 
as classified by the World Health Organization (WHO). 


List risk factors for the development of chronic 
myelogenous leukemia. 


18-2 


18-3 Explain the relationship between the Philadelphia 
chromosome, t(9;22), and the BCR-ABL1 fusion gene. 
Describe the role of the BCR-ABL7 fusion gene and 
its protein product in the pathogenesis of chronic 
myelogenous leukemia. 

Analyze the clinical presentation of chronic myelog- 
enous leukemia, including the common presenting 
signs and symptoms. 


18-5 


hronic myelogenous leukemia (CML) belongs in the 

group of myeloproliferative neoplasms and presents with 
marked proliferation of granulocytes in the bone marrow and 
peripheral blood. The natural progression of CML begins with 
the chronic phase, followed by the accelerated phase, and fi- 
nally the blastic phase, The treatment and prognosis have im- 
proved greatly in recent years due to increased research and 
focus on tyrosine kinase inhibitors. 

Myeloproliferative neoplasms (MPNs) describe a group 
of hematopoietic disorders that originate from the clonal 
expansion of a genetically altered hematopoietic pluripotent 
stem cell. The genetic alteration results in the excessive produc- 
tion of one or more “myeloid” (nonlymphoid) cell lines in the 
bone marrow, resulting in an increased expression of one or 
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Otherwise Specified 
Myeloproliferative Neoplasms, 


Summary Chart 


18-6 List the three phases of chronic myelogenous leuke- 
mia, along with the diagnostic criteria for each. 

18-7. Predict the common laboratory testing and results 
in chronic myelogenous leukemia. 

18-8 Describe the cytogenetic analysis of chronic 
myelogenous leukemia, including the analytic 
techniques used and the advantages of each. 

18-9 Evaluate the important differential diagnoses of 
chronic myelogenous leukemia. 


18-10 Briefly describe the current treatment of chronic 
myelogenous leukemia, 
18-11 List the factors most important in determining the 


prognosis of patients with chronic myelogenous 
leukemia. 
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« leu 
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kemia (CML), polycythemia vera (PV), ay er 
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Differentiation between MPNs is based upon identified 
molecular genetic alteration and predominant cell type and 
morphology in the bone marrow and peripheral blood. 

In CML, the bone marrow shows a granulocytic hyperpla- 
sia with a dominant increase of granulocytes (neutrophils, 
eosinophils, and basophils) in the peripheral blood.4 In PV, 
an erythroid hyperplasia in the bone marrow is accompanied 
by a corresponding increase of erythrocytes in the periph- 
eral blood, whereas in ET, megakaryocytes are dominantly 
increased in the marrow and platelets in the peripheral blood. 
_PMF would seem to be the exception because it is character- 
ized by a decrease in most cells (pancytopenia) in the periph- 
eral blood, especially late in its course. However, pre-PMF 
may show an increase in all cell types, at least before bone 
marrow fibrosis supervenes to cause pancytopenia. 

Myeloproliferative neoplasms are typically seen in adult 
Patients and are rarely found in children. These disorders are 
a meaning that the progression is gradual and 

ly includes organ involvement. Patients may present 
With the following general clinical symptoms: pallor, malaise, 
Weight loss, increased infections, weakness, splenomegaly, 
e, and thrombosis.* 
S are the result of genetic alternations influencing the 
etic stem cell in the bone marrow. These molecular 
ment. In ve numerous effects on the bone marrow environ- 
addition to influencing cell line production from the 
Poction cells, these genetic anomalies also influence the 
‘Ponding of cytokines and/or how cells respond to corre- 
tansfn Oth factors.' It should be noted that MPNs can 
a acute from One disorder into another, and all can lead to 
#2 yp such as acute myeloid leukemia (AML) or 
isorderg Se, leukemia (ALL). The transitions between 
‘ification of an “erlapping characteristics can make exact clas- 
“istics of the neve case difficult (Fig. 18-1) The char- 
“ating $ are outlined in Table 18-1. 


old ccrotic stem cells are directly responsible 
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FIGURE 18-1 Relationship between the various myeloproliferative disor- 
ders. Frequencies of transitions between each of these bone marrow stem 
cell disorders are shown. AML = acute myelocytic leukemia; PV = polycy- 
themia vera; PMF = primary myelofibrosis; CML = chronic myelogenous 
leukemia; CNL = chronic neutrophilic leukemia; ALL = acute lymphocytic 
leukemia. (A solid line indicates a strong relationship between disorders; a 
dashed line indicates a weak relationship.) 


Chronic Myelogenous Leukemia 


As stated in the introduction, CML, also referred to as chronic 
myeloid leukemia, is a chronic myeloproliferative disorder 
characterized by a marked increase of granulocytes in the 
peripheral blood, as well as a marked granulocytic hyperpla- 
sia of the bone marrow. CML was the first human disease in 
which the pathogenesis could be directly traced to a specific 
chromosomal abnormality. The Philadelphia (Ph) chromo- 
some, first identified in 1960, results from a reciprocal trans- 
location between the long arms of chromosomes 9 and 22 
(written as t(9;22)), which can be identified in greater than 
95% of patients with the typical characteristics of CML.” 
Since that time, much research has focused on the Ph chro- 
mosome and its role in the formation of the BCR-ABL/ fusion 
protein, which is now thought to be the driver of CML.*"” The 
Ph chromosome is characteristic of the disease but not solely 
diagnostic since it is also detected in cases of acute myeloid 
leukemia (AML), acute lymphoblastic leukemia (ALL), and 
mixed-phenotype acute leukemia (MPAL)."! Proper diagnosis 
of CML requires the identification of either the Ph chromo- 
some and/or the BCR-ABL/ gene and corresponding cellular 


morphology.” 

Fe uit for 20% of leukemia cases in adults, with 
approximately 8,450 estimated new cases in the United States 
in 2020 and an annual incidence of 1.9 cases per 100,000 pop- 
ulation." There is a slight male predominance (male to female 
ratio 1.5:1). CML is most frequently diagnosed in patients 


TABLE 18-1 Characteristics of the Myeloproliferative Neoplasms 


Chronic Pinay ea ; Chronic 
Lae myelogenous Polycythemia Essentia' neutrophilic ae 
subcategory leukemia (CML) vera (PV) thrombocythemia(ET)  myelofibrosis(PMF) —_ leukemia (CNL) llamar 
1 = ——as en L) 
| Dominant Cell Granulocytes: Erythrocytes  Megakaryocytes Neutrophils and Neutrophils Egging fie C 
Type neutrophils and megakaryocytes Pris 
| basophils early, fibrosis late 
WBC count Th ia iT Variable TT t 
| Hemoglobin Ntold TTT Ntol J _ Ntot Ntod 
Leukocytealkaline J NtoT NtoT Variable T \ 
phosphatase , 
Philadelphia >95% Absent Absent Absent Absent Absent 
chromosome : ta 
Major genetic BCR/ABL1 JAK2 JAK2/CALR/MPL JAK2/CALR/MPL CSFR3R Trisomy 8 
alteration 


N= Normal; {= slight decrease; 1 = moderate decrease; 1 = slightincrease; 1 1= moderate increase; T 1 T = marked increase. 


aged 65 to 74, with the median age of diagnosis at 65.” It is 
unusual to find CML in children. 

Risk factors for developing CML include exposure to ion- 
izing radiation" (seen in radiologists before the use of safety 
shielding techniques, patients treated with radiation therapy, 
and survivors of nuclear explosions); to cytotoxic drugs, 
especially alkylating agents; and to biologically active chem- 
icals such as benzene.’ However, the vast majority of CML 
patients report none of the previous risk factors or exposures; 
the cause in more than 95% of CML cases is unknown. CML 
is not an inherited disease; rather it appears to be acquired, 
as suggested by the rarity of familial aggregations of CML.'* 


Pathogenesis 

CML is a clonal stem cell disorder in which the abnormal 
clone is characterized by the presence of the Ph chromo- 
some.” The chromosomal translocation that creates the Ph 
chromosome is t(9;22), a reciprocal translocation between 
the long (q) arms of chromosome 9 and chromosome 22. A 
smaller piece of the long arm of chromosome 9 is broken off 
at band q34.1 and translocated to the long arm of chromo- 
some 22; at the same time, a larger piece of the long arm of 
chromosome 22 is broken at band q11.21 and moved to chro- 
mosome 9. This results in a small, abnormal chromosome 22 
(the Ph chromosome; Fig. 18-2). 

The notation describing this translocation, t(9;22) 
(q34;q11), defines both the translocation and the specific 
break points in chromosomes 9 and 22. In the translocation, 
the ABL/ gene, the cellular homologue of the Abelson murine 
leukemia virus oncogene from chromosome 9, is brought into 
contact with the BCR (break cluster region) gene on chromo- 
some 22 (Fig. 18-3).The resulting chimeric gene, located on 
the Ph chromosome and referred to as the BCR-ABL/ gene, 
is transcribed, producing a BCR-ABL]/ fusion protein that has 
enhanced tyrosine kinase activity.” The BCR-ABL/ fusion 
protein causes aberrant activation of several cellular signal- 
ing pathways and is considered a hallmark of CML."? Over 
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FIGURE 18-2 A metaphase spread from a patient with CML showing 
t(9;22). The abnormal chromosomes 9 and 22 are marked with arrows. he 
Philadelphia chromosome is the abnormal chromosome 22.00 the right 
the normal chromosome 22 is on the left. 


95% of CML patients will be Ph chromosome positiv® a 
98% of patients will have a BCR-ABLI gene when mr 
via molecular techniques.'! Those patients who dont ; 
identifiable BCR-ABL/ gene are considered atypical ati 
separate disorder with a different prognosis and treatme 
Differential Diagnosis later). - it has 

The Ph chromosome is not specific for CML; 1), acu 
been found in cases of acute myeloid leukemia (A - gculé 
lymphoblastic leukemia (ALL), and mixed-phen?” cell ® 
leukemia (MPAL).'! This suggests that the OME" oth 
which the mutation arose was a pleuripotent® ncag® 
before separation of the lymphoid and the mye nf t BO 
It is the presence of the Ph chromosome cat) a $ yt 
ABLI gene that gives the abnormal CML clone pe 
advantage over normal cells and allows ' 


normal bone marrow elements. 
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ukemia appear to be maintained by a pool 
ant cells. In CML, immature gran- 
¢ ‘elt oe = bone marrow and are released prematurely 
ul ocytes fi - sheral plood in various stages of maturation. On 
ial the oh jevel, it has been established that it is the chi- 
- mol ABLI fusion protein that plays the central role in 
5 iferation and transformation in CML. There is 
from in vitro studies that the BCR-ABL] pro- 
girect evICS 1) causes uncontrolled cell growth in hema- 
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to prevent apoptosis (normal programmed cell death) in the 
| 

; 


CML clone.* 


ADVANCED CONTENT 

ing on the precise break point in the BCR gene, the 
BCR-ABL] fusion protein can vary in size from 190 kDa 
‘to 230 kDa.* The most common rearrangement of the BCR- 
3.1 transcript shows alteration between exons 13 and 14 
f BCR and exon 2 and 11 of ABL/, producing a 210-kDa 
‘protein with tyrosine kinase activity (called p210°_ABL). 


210-kDa protein. A subset of CML patients with a 230-kDa 
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Protein may be misdiagnosed with CNL due to neutrophil 
predominance; however, identification of the Ph chromosome 
will properly identify a case of CML.’ Patients with Ph chro- 
Mosome-positive acute lymphoblastic leukemia may present 


| with either the 210-kDa protein or a 190-kDa protein.'* This 


Suggests that not all Ph chromosomes or BCR-ABL/ genes 


__ are identical, and also that fusion proteins of different sizes 


can be correlated with different clinical outcomes. 
The genetics of CML can occasionally be even more com- 
plex. Approximately 5% of CML patients have the deleted 


portion of chromosome 22 translocated to other chromo- 
i somes, such as t(4;22), (12:22), and t(19;22). These are 
simple variant Ph chromosome translocations, whereas other 


patients have complex variant translocations involving two 
or more chromosomes in addition to chromosome 22." On 


| occasion, the Ph chromosome may be “masked” by the pres- 
| ence of a larger piece of chromatin material translocated to 


the abnormal chromosome 22 from one of the other chromo- 
somes involved in the rearrangement giving a normal-sized, 
but abnormal, chromosome 22. The CML clone is genetically 


unstable and may accumulate additional mutations as it pro- 
| gresses to accelerated and blastic phase, which complicates 
_ diagnosis and treatment options. 


"Nearly all patients with typical CML in chronic phase have the _Clinical Findings 
The signs and symptoms, phases, and laboratory findings for 


CML are distinctive. 
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ahaa with CML may be asymptomatic or symptomatic 
presentation. It is common for the disease to be discovered 
incidentally during a routine physical examination or routine 
hematologic evaluation of an asymptomatic patient.’ When 
Symptoms do occur, the most common complaints are general 
malaise; fullness in the upper abdomen with early satiety, and 
loss of appetite related to splenomegaly (enlarged spleen) and 
hepatomegaly (enlarged liver); complaints resulting from a 
hypermetabolic state such as night sweats and weight loss; 
bone tenderness and aching related to marrow expansion; and 
complaints related to an accompanying anemia.’ 
Lymphadenopathy, which is rarely seen except late in the 
course of the disease, is associated with a poor prognosis. 
Some patients will have bleeding complications related to 
qualitative or quantitative platelet disorders. Rarely, patients 
may show manifestations of leukostasis (increased blood 
viscosity secondary to a very high WBC count) with vaso- 
occlusion, such as cerebrovascular accident, myocardial 
infarct, venous thrombosis, priapism, visual disturbances, 
and pulmonary insufficiency. In the later stages, patients 
may occasionally present showing effects of basophilia with 
increased serum histamine, including pruritus, diarrhea, and 
refractory peptic ulcer disease. 


CRITICAL THINKING QUESTION 


18-2 Which clinical symptoms can be attributed to 
anemia? 


Phases 

CML is characterized by three phases, which were signifi- 
cant for patient prognosis before the now standard treatment 
regime of tyrosine kinase inhibitor (TKI) therapy. The three 
phases are: 


1. Chronic phase (CP) 
2. Accelerated phase (AP) 
3. Blastic phase (BC) 


Most patients (95%) are diagnosed in the chronic phase, 
which is also referred to as the initial phase.'® Patient eval- 
uation during this phase must include both peripheral blood 
and bone marrow analysis for cellular morphology, and the 
demonstration of the BCR-ABL]/ fusion gene, as well as other 
cytogenetic abnormalities. During this phase, the disease 
may remain stable for several years and is usually respon- 
sive to tyrosine kinase inhibitors (TKIs). Chronic phase CML 
patients can have a normal life expectancy when the optimal 
response is achieved by treatment. 

Progression of CML to accelerated phase or blastic phase 
corresponds with a poorer prognosis, and usually occurs 3 to 
5 years after onset, in the absence of therapy.’ The accelerated 
phase is heralded by a variety of signs and symptoms of dis- 
ease progression that do not meet the criteria for the blastic 
phase. Associated worsening symptoms may include unex- 
plained fevers, significant weight loss, progressive leukocy- 
tosis, worsening splenomegaly, requirement for higher doses 


oe 


of myelosuppressive agents, bone and joint pain 
thrombosis, and infections.'’ Patients in the accel bleed 
blastic phases display high genetic instability, Which lena” 
the accumulation of TKI-resistant point mutations 4 leads 
ing TKI effectiveness.'* Only 10% of CML Patients es limit. 
ress to the blastic phase (previously called blast crisig I prog. 
transformation), which represents the conversion fr Or bias 
to an aggressive form of acute leukemia that is ee Cy 
treat. The corresponding leukemia can be myeloid, | Cult to 
cytic, or in rare cases both.‘ Disease progression is fee 
by the blast count in the peripheral blood—chronic phase a 
=10%, accelerated phase with 10% to 20%, and blastic ph ith 
with >20% blasts.’ The criteria for diagnosing Progress; ad 
accelerated phase and blastic phase are discussed in the al 
graphs that follow. i 
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Laboratory Testing and Results 

The most important laboratory finding in the Peripheral 
blood is an increased white blood cell count (frequent 
above 100,000/uL), reflecting neutrophilic leukocytosis 
with basophilia (Fig. 18-4). Neutrophils vary in present 
tion and include virtually all maturation stage in the neutro- 
philic series, from segmented neutrophils to occasional blasts 
(fewer than 10%).’ The presence of a greater percentage of 
myelocytes than the more mature metamyelocyes is a typi- 
cal finding (the “myelocyte bulge”).? Most neutrophilic pre- 
cursors appear morphologically normal, although occasional 
cells with pseudo-Pelger—Huét anomaly may be seen late in 
the disease (Fig. 18-5). Increased basophils are invariably 
seen in CML, such that if the absolute basophil count is not 
increased, a diagnosis of CML should be seriously ques- 
tioned. Absolute eosinophilia is observed in 90% of cases, 
and increased monocyte counts are often seen. Thrombo- 
cytosis is present in about one half of cases and is usuall) 
of moderate degree (less than 1,000,000/nL).’ Decreased 
platelet counts are uncommon, at least in the chronic phas¢ 
Micromegakaryocytes can be seen in circulation in as mally 
as 25% of CML patients (Fig. 18-6). Normocytic anemia 
commonly present, although occasional patients maj have 
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FIGURE 18-4 Peripheral blood from a patient with eeSt lor 

mature neutrophils along with bands, metamyelocyte> 

Note the two basophils at the upper right and bottom ce 
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g-5 Pergeroid (pseudo-Pelger—Huét) neutrophil in CML, Note 
a sm is mature and the nucleus is small and found with con- 
Sr omatin. This cell can be mistaken for a myelocyte. A basophil is 


inthe upper left comer. 
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FIGURE 18-6 A micromegakaryocyte with giant platelets, from the 
blood of a patient with CML. 


"mal or even increased hemoglobin levels. The severity of 


oa is commonly proportional to the degree of 
: is, 

A ; : 
Bie Day Of the laboratory features of chronic myelog 
mls leukemia at diagnosis Preaviied in Table 18-2, With 
<0 to the accelerated phase, patients may develop 
anemia, Worsening thrombocytosis or thrombocy- 
ont increasing peripheral blood basophils (=20%). 
ibn gt? 4 shift to the more immature myeloid forms 
Me Dhase ic 1. nS NUMber of blasts (10% to 20%). The blas- 
Masts 15 = by an increase in blood or bone marrow 

More than 209%, 
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"esult identifies normocytic anemia? 


wi Satrow is hypercellular with a marked gran- 
! Mois Plasia (Fig. 18-7) with a typical myeloid-to- 
©) ratio f 10:1 to 50:1. Maturation from blasts 
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Myeloproliferative Neoplasms |: Chroni 


TABLE 18-2 Labor 


atory Features at Presentation 
of Chronic Myelo 


genous Leukemia 


Features 


* Neutrophilic leukocytosis with immature 
forms 


Basophilia/eosinophilia 
Thrombocytosis 

Anemia 

Blasts <10% (in chronic phase) 


Decreased leukocyte alkaline phosphatase 
(LAP) score 


Increased lactate dehydrogenase 
Increased uric acid 


Increased vitamin B,/ transcobalamin 


Myeloid hyperplasia 

Blasts <10% (in chronic phase) 
Minimal/no dysplasia 

Increased megakaryocytes 
Myelofibrosis (mild/ moderate) 
Monocytes usually <3% 


Philadelphia chromosome positive (95%) 
BCR-ABL1 positive (98%) 


» « 


FIGURE 18-7 A bone marrow aspirate from a patient with CML in chronic 

hase shows granulocytic hyperplasia with orderly maturation through 
aaatted neutrophils. Blasts are not significantly increased. A basophil 
is at upper left. 


to segmented neutrophils is fairly orderly, although the rela- 
tive increase in myelocytes as seen in the peripheral blood is 
Iso present. Blasts constitute less than 10% of the marrow 
also p! in the chronic phase. Basophils and eosinophils are 
nae ased, as in the peripheral blood. Megakaryocytes 
also incre: ically increased and clustered in groups of three 
ariihiee im cher-like histiocytes (histiocytes with blue pig- 
Qramares h Spelsain “sea-blue” histiocytes) can be seen in 
ment ve “ patients (Fig. 18-8). As with all MPNs, varying 
pinaice of marrow fibrosis may develop with disease pro- 
egr é 
gression (Fig. _ phosphatase (LAP), also referred to 
La pili alkaline phosphatase, is usually decreased in 
as neulr 
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FIGURE 18-8 Pseudo-Gaucher cells (sea-blue histiocytes) in the marrow 
of a patient with CML. 


FIGURE 18-9 This bone marrow biopsy from a patient with CML is 
stained with a reticulin (silver) stain to show reticulin fibrosis, which in this 
case is quite extensive. 


CML. Compare Figure 18-10 showing decreased LAP in a 
patient with CML with Figure 18-11 showing increased LAP 
activity in a normal patient with leukemoid reaction. How- 
ever, LAP may return to normal or may even be increased 
when a patient with CML becomes infected, during remis- 
sion of disease with therapy, or when a patient enters blastic 
phase. 

A definitive diagnosis of CML requires the detection of 
the t(9;22)(q34.1;q11.2) in peripheral blood or BCR-ABL] by 
molecular genetic techniques.’ The t(9;22) (Ph chromosome) 
can be detected by routine cytogenetics. This technique has 
the advantage of detecting not only the Ph chromosome but 
also any other genetic abnormalities that may indicate disease 
progression. The BCR-ABLI gene can be detected by fluo- 
rescence in situ hybridization (FISH) or reverse transcriptase 
polymerase chain reaction (RT-PCR). These have the advan- 
tage of specifically detecting the BCR-ABL/ gene when no 
structural chromosomal abnormality is seen on routine cyto- 
genetics, as in a patient with an interstitial translocation. The 
RT-PCR assay is extremely sensitive and is used to detect 
residual disease or recurrence after treatment. A bone marrow 


 * 


FIGURE 18-10 Leukocyte alkaline phosphatase (LAP) is decreased in 


peripheral blood neutrophils in this patient with CML. Compare with 
Figure 18-11. 


{ 


FIGURE 18-11 Leukocyte alkaline phosphatase (LAP) is increased in 


peripheral blood neutrophils in this patient with a leukemoid reacto 
related to infection. 


aspirate is essential for complete karyotype and morpholog 


cal examination to confirm phase of disease.’ 

Most patients are diagnosed while in the chronic P 
CML, and the accelerated phase is suspected when pis" 
become more symptomatic. The blastic phase represe" be 
version of CML to acute leukemia. The diagnost¢ one 


hase of 


atiens 


ee 10.3 \6 Choo 
for CML by phase are summarized in Table 18--- on 
evolution will occur in at least 50% of patients 1n 2° fest 

rele ® 


phase and in up to 80% of those in blastic phase. This re 
the acquisition of additional cytogenetic abnormal’ 1, 
as multiple Philadelphia chromosomes, isochromos” a 
trisomy 8, and other complex karyotypes” "Set sti 
tions of tumor suppressor genes are also found in 0 
phase and presumably play a role in its dev elopment 


b> ADVANCED CONTENT 


| To identify the BCR-ABL/ fusion gene, 
situ hybridization (FISH) technology is YP" 


- «A 


can be performed in a standard (S) format 
format. The S-FISH application uses two 
e ‘probes that allow detection of straight-forward 
on chromosome 22gq. Alternatively, the D-FISH 
4g used to identify more complex genetic rear- 
s and fusion genes.” 

ents with an identified BCR-ABL/ gene fusion, 
used to monitor treatment response with tyro- 
inhibitors (TKIs). This analysis can serve as 
tof minimal residual disease and relapse 


rential Diagnosis — 

CML must first be distinguished from reactive granulocytic 

ocytosis, OF leukemoid reaction, which can occur with 
a variety of stresses including infections and occult malig- 
nancies. Both are characterized by neutrophilic leukocytosis 
with immature forms, but CML will also show basophilia and 
eosinophilia, as well as the “myelocyte bulge” (presence of 
more myelocytes than metamyelocytes in peripheral blood).’ 
CML will also show the Ph chromosome and/or BCR-ABLI 
gene, as well as a decreased LAP score. The differential lab- 
oratory diagnosis between leukemoid reactions and CML is 


summarized in Table 18-4. 


BLE 18-3 Diagnostic Criteria for Chronic 
Myelogenous Leukemia by Phase 


* Increased neutrophils with various 
degrees of maturation observed 
Blasts < 10% in bone marrow and/or 
peripheral blood 

BCR-ABL1 mutation demonstrated 


Blasts 10% to 19% in bone marrow and/ 

or peripheral blood 

Presence of Ph chromosome or BCR- 

ABL1 mutation with genomic evolution 

and/or TKI resistance 

Persistent thrombocytopenia (< 100 x 

10°/L) unrelated to therapy, or persistent 

thrombocytosis (> 1000 X 10°/L) 

unresponsive to therapy 

Increasing splenomegaly and Increasing 

WEC count unresponsive to therapy 

Genomic evolution of multiple genetic 
abnormalities 


Blasts >20% in bone marrow and/or 
peripheral blood 

Presence of Ph chromosome or BCR- 
ABL1 mutation with genomic evolution 
and/or TKI resistance 

Genomic evolution of multiple genetic 

abnormalities 

Persistent or increasing splenomegaly 


a 
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TABLE 18-4 Differential Diagnosis Between Leukemoid 
Reaction and Chronic Myelogenous Leukemia 


Laboratory Finding Leukemoid Reaction CML 


Toxic vacuoles 2-4+ 


Toxic granules 2-4+ O-1+ 
Dohle bodies Frequent Rare 
Eosinophilia 0 


Occasional 


1-2+ 


1-3+ 


Giant bizarre nuclei 


Myelocyte bulge 
LAP score 


Present 


Negative Positive 


Ph chromosome 


LAP = leukocyte alkaline phosphatase 


CML may be confused with any of the other myelopro- 
liferative neoplasms (MPNs), especially in its early stages, 
because all the MPNs are characterized by some degree of 
neutrophilic leukocytosis and basophilia, while CML can pres- 
ent with increased platelet count and occasionally increased 
RBC count. The LAP score will be decreased in CML, while 
it is usually increased in PV. CML diagnosis may be suspected 
from the CBC and differential results, but most cases are con- 
firmed with BCR/ABL] identification. 


Prognosis 

The prognosis of patients presenting with CML has drasti- 
cally changed (>80%) with the development of effective 
tyrosine kinase inhibitor (TKI) therapy.* TKI treatment has 
significantly reduced the progression of the disorder to the 
blastic phase, and most patients are successfully treated in the 
chronic phase. Physicians now consider therapy cessation as 
the new goal in CML treatment. 

Despite the mostly positive responses to TKI therapy, 
approximately 25% of CML patients show resistance to treat- 
ment. Most patients who display therapy resistance prove 
to have multiple mutations to the BCR-ABL/ protein. These 
extra mutations are observed in 25% of cases in the chronic 
phase and over 70% of blastic phase cases.* Finding an effec- 
tive form of treatment for these patients is a remaining goal 
for many researchers, 

An increased percentage of blasts directly correlates with a 
worsening prognosis. Patients with >20% blasts have a worse 
prognosis than patients with <20% blasts."* 

Several factors may predict blast transformation in CML. 
These poor prognostic indicators include the presence of 


karyotypic abnormalities in addition to a single Ph chromo- 


some or BCR-ABL/ gene, hepatosplenomegaly, thrombocy- 
(less than 100,000/uL) or thrombocytosis (more than 
extreme leukocytosis (more than 100,000/,.1). 


topenia 
§00,000/L), 
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and percentage of blast cells in the bone marrow and peripheral 
blood. The position of the BCR breakpoint has been directly 
linked with the patient's response to treatment. Genetic com- 
plexities increase the probability of a poor response to treat- 
ment and a poor prognosis as a result.'! 


Treatment 

The treatment for CML has evolved along with increased 
understanding and progressive targeting of the underlying 
molecular pathogenesis. Before the mid-1980s, patients with 
‘CML in chronic phase were treated with oral chemotherapy 
in the form of hydroxyurea or busulfan, intended to reduce 
leukocytosis, thrombocytosis, and splenomegaly. Although 
such therapy frequently resulted in hematologic remission, Ph 
chromosome remained detectable in blood and marrow cells, 
and the onset of the blastic phase was not delayed. Interfer- 
on-alpha was the first agent to produce cytogenetic as well 
as hematologic remission in CML. Although complete cyto- 
genetic remissions (absence of Ph chromosome) were rare 
(13%), those who obtained major cytogenetic remission had 
significant prolongation of survival as well as a lengthened 
time to blastic phase. 

Imatinib mesylate (Gleevec®), the first TKI to be developed 
against a specific molecular target, significantly changed the 
treatment and prognosis for CML. Imatinib directly inhibits 
the mutant tyrosine kinase activity of the BCR-ABL/ fusion 
gene and is now considered the standard frontline treatment 
for chronic phase CML.’ Imatinib has few side effects and has 
been proven effective at treating older patients (>60 years 
old).” In chronic phase CML patients, imatinib produces up 
to a 98% complete hematologic response rate, with the major- 
ity of cases experiencing complete remission." These patients 
have normal life expectancy with the goal of ending treat- 
ment. Even with a good response to TKI treatment, patients 
are routinely evaluated (every 3 to 6 months) to ensure remis- 
sion status. 

Patients who present in the advanced stages of the disease 
do not typically show the positive response rate of those in 
the chronic phase. Additional genetic and cytogenetic alter- 
ations result in an increased molecular complexity and reduce 
the effectiveness of TKI treatments.'* Patients in the blastic 
phase have a response rate of <30% and 5-year survival rate 
is less than 6%." Patients with Ph + ALL mimic the treatment 
response of those in blastic phase due to the increased muta- 
tions that lead to treatment resistance."* 

Despite the typical good response to imatinib, there are 
patients who prove to be resistant to treatment. There are now 
five different TKIs (imatinib, dasatinib, nilotinib, bosutinib, 
and ponatinib) that have been approved for CML treatment. 
This variety allows clinicians to tailor treatment options based 
upon disease phase, risk assessments, response levels, and 
treatment endpoints.’” 

Before imatinib, allogeneic bone marrow transplantation 
with an HLA-matched related or unrelated donor offered the 
best treatment for CML. However, due to the high mortal- 
ity rate, this treatment option is reserved for patients with 
advanced stage disease or treatment failure/resistance.’ 


i 


o ADVANCED CONTENT 


Patients who display a resistance to TK] trea 
sified as nonresponders. The resistance is 4 p 
damage associated with impaired DNA repair and th 

of various genetic alterations.’ The same tet 
holds true for patients with BC (blastic phase) ¢: weed 
complexity of CML, particularly in the advanced The 
generates much research and advances in treatment ses, 
As stated in the text, imatinib is considered the it 
treatment option for patients with chronic phase Chie 
other four TKIs are considered second generation TKis The 
their use targets the more advanced phases of the discs 
Treatment dosages are dependent on the specific a 
characteristics, disease progression, life expectancy, i 
lifestyle. Typically, a combination of TKIs are Prescribed 
The goal of second generation TKIs is to obtain Quick 
and deeper molecular responses that can address multiple 
genetic anomalies. 


tment ate cla 
TOduct ofp = 


Atypical Chronic Myelogenous Leukemia 


Atypical chronic myelogenous leukemia (aCML) is a leuke- 
mic disorder that has features of both a myeloproliferatiye 
neoplasm and a myelodysplastic syndrome. aCML resembles 
CML because it is characterized by peripheral blood neutro- 
philic leukocytosis with immature forms and granulocyte 
hyperplasia in the bone marrow. However, aCML does not 
show basophilia, does show significant dysplastic features in 
the granulocytic line, and always lacks the Ph chromosome 
and the BCR-ABL] gene. Cases of Ph-negative CML thatalw 
lack the BCR-ABLI gene need to be evaluated moleculatl 
for the presence of CSF3R, which has a strong association 
with CNL (chronic neutrophilic leukemia). The JAK2/CALR 
MPL mutations are typically not present in patients wi 
aCML.} Patients with aCML seem to have a poorer progts® 
with median survival times of less than 20 months. 


Chronic Neutrophilic Leukemia 


Chronic neutrophilic leukemia (CNL) is a rare but © 
chronic myeloproliferative syndrome that is chan 
by splenomegaly, peripheral blood neutrophilia, and ie 
philic hyperplasia of the bone marrow.’ The absolut 
trophil count in the peripheral blood is usually ee are 
25,000/uL, and more than 80% of all white blood * 
neutrophils.’ The neutrophils are present in the a im 
of band and segmented forms, but the percentage ; 

ture myeloid cells (metamyelocytes, myelocytes, 
cytes, and blasts) is usually low. Basophilia, gue 
monocytosis are not seen. The bone mart 
with predominant granulocytes.’ Unlike CN tation 
display a Ph chromosome or the BCR-ABL! a nsio™® 
there are no JAK2/CALR/MPL mutations. Th » mR muta 
of CNL patients do display a presence of CSF 


-_ 


elated 


elo” 
pr omy 
pitt wt 
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AL, CNL 


the identification of the CSF3R mutation, 
, of other causes of neutrophilia? 


- sinophilic Leukemia, 
ise Specified 


jnophilic leukemia (CEL), is another related 
at is characterized by a clonal expansion of 
ursors with increased peripheral blood 
eater than 1,500/uL.? There is no Ph chro- 
sts are less than 2% in the peripheral blood 


ers of the bone marrow that are character- 
sive proliferation of one or more nonlym- 


liferative neoplasms (MPNs) include 
enous leukemia (CML), polycythemia 
| thrombocythemia, primary myelofibro- 
: neutrophilic leukemia, chronic eosinophilic 
MPN-unclassifiable. 
ogenous leukemia (CML) may be as- 
symptomatic at presentation. Common 
de general malaise; fullness in the 
en related to splenomegaly; symptoms 
hypermetabolic state such as night sweats 
s; bone tenderness and aching related 
w expansion; and complaints related to 
omegaly is a common physical finding. 
acterized by an increased WBC count in 
od, which may be severe. This is related 
ic leukocytosis with immature forms, and 
ia is sometirnes also present and is 
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found cytogenetic abnormality with CEL is frisomy 8. 
Unlike other eosinophilic neoplasms, CEL does not respond 
to TKI therapy. 


Myeloproliferative Neoplasms, 
Unclassifiable 


The 2016 evaluation of MPNs by the WHO included the 
Subcategory of myeloproliferative neoplasms, unclassifiable 
(MPN-U). This subcategory includes neoplasms that cannot 
be clearly identified as one of the other six disorders listed 
under the MPN umbrella.’ 


usually normocytic. Peripheral blood neutrophils have 
a low LAP score. 


e The bone marrow in CML shows hypercellularity (M:E 
ratio of 10:1-50:1) related to a marked granulocytic 
hyperplasia and a moderate megakaryocytic hyperpla- 
sia. Pseudo-Gaucher cells and marrow fibrosis may 
also be present. 


e The Philadelphia chromosome (an abnormal chro- 
mosome 22) results from a reciprocal translocation 
between chromosomes 9 and 22, and contains the 
BCR-ABL] fusion gene. The BCR-ABL/ fusion gene 
is almost invariably present in CML (98%). 


e The BCR/ABLI gene enhances tyrosine kinase activity 
and is the direct cause of the granulocytic proliferation 
that characterizes CML. 

e CML must be distinguished from the other myelopro- 
liferative neoplasms. It must also be distinguished from 
atypical chronic myelogenous leukemia, which lacks 
the BCR-ABL] fusion gene. 

e Imatinib mesylate (Gleevec) currently provides an 
effective treatment for CML, which can produce long- 
term remissions. 
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CASE STUDY 18-1 Chronic Myelogenous Leukemia 


REASON FOR VISIT: A 58-year-old white man presented 
to his physician for evaluation of leukocytosis found inci- 
dentally on a complete blood count performed at a health 
fair. He had no current complaints, but when questioned, 
he reported feeling of fullness in the left upper quadrant of 
his abdomen. He reported no recent fevers, night sweats, or 
weight loss. 


PATIENT AND FAMILY MEDICAL HISTORY: 

No significant past medical history for the patient or his 
family. He worked as a supervisor in an automobile assem- 
bly plant. 


MEDICATION HISTORY: No medications at this time. 


PHYSICAL EXAM FINDINGS: 

On physical examination, he was found to have spleno- 
megaly, with the spleen tip barely palpable below the costal 
margin. No hepatomegal or lymphadenopathy was found. 


INITIAL LAB RESULTS: 


CBC 
Laboratory Test Result 

CBC 
RBC 4.04 X 108/L 
Hb 10.4g/dL 
Het 30.5% 
MCV 91 fl 
MCH 28.8 pg 
MCHC 34.4% 
PLT 200 X 10°/pL 
WBC 51.20 X 10°/L 
Neutrophils 36.86 X 10°/juL (72%) 
Lymphocytes 2.56 X 10’/jaL (5%) 
Monocytes 2.05 X 10’/jul (4%) 
Metamyelocytes 1,02 * 10°/jul (2%) 
Myelocytes 3,58 X 10°/pul (7%) 
Promyelocytes 0.5 X 10°/pub (1%) 


Bone Marrow Evaluation 


Rh ed 
Mc ratio 20:1 

BCR/ABL1 Positive 

Myeloblast 9% 


QUESTIONS 

1. Identify any abnormalities in the CBC results 
2, What peripheral findings are abnormal? 
3. What is the probable patient diagnosis? 

4, What is the preferred treatment for this patient? 


ANSWERS: 

1, WBC count is very elevated and immature Neutrophil 
were found in the peripheral blood, with the majority 
the myelocyte stage of maturation. RBC count, hemo. 
globin, and hematocrit values are low and MCV Within 
normal range, indicating a normocytic anemia. 

2. The peripheral smear indicates the presence of im. 
mature granulocytic cells, often not present in normal 
peripheral findings. This should be noted by the labora. 
tory scientist as abnormal. 

3. The bone marrow evaluation shows a hyperprolifera- 
tive marrow with increased myeloid cells, The positive 
BCR/ABLI fusion gene targets a diagnosis of CML and 
the percentage of myeloblasts identifies the patient is 
currently in the chronic phase. 

4. The preferred treatment for patients with CML in the 
chronic phase is imatinib (Gleevec), which is a tyrosine 
kinase inhibitor that targets the effects of BCR/ABL! 
fusion gene. 


7: A 75-year-old white man presented to 
‘complaining of fever and fatigue, 


“< AND FAMILY MEDICAL HISTORY: 
the fever and fatigue, he reports losing 
the last 3 months due to a feeling of fullness. 
began interrupting his sleep, 6 weeks ago. 


CBC 
“Laboratory Test Result 
2.33 X 10°/pb 

10.3 g/dL 

31.1% 

84 fL 

27.3 pg 

33.1% 

70 X 10/pb 

140.8 X 10?/juL 

42.2 X 10°/juL (30%) 
7.04 X 10°/jaL (5%) 
1,41 & 10°/pl (1%) 
25.3 X 10°/jrL (18%) 
35.2 X 10°/pal (25%) 
4.22 X 10°/l (3%) 
25.3  10?/jal (18%) 


aieie 


——__ Bone Marrow Evaluation 
ME ato 30:1 
Positive 

20% 
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QUESTIONS 

1. Identify any abnormalities in the CBC results. 

2. Based on the lab results provided, what is the probable 
diagnosis? 

3. Which lab result is most helpful in obtaining a 
diagnosis? 


ANSWERS 

1, Severely increased leukocyte count with increased 
immature neutrophils found in peripheral blood. RBC 
count, hemoglobin, and hematocrit values are low and 
MCV within normal range, indicating a normocytic 
anemia, Thrombocytopenia is also observed. 

2. CML is the probable diagnosis based upon the lab 
results. The patient’s blast count is between 10% to 
20%, so the accelerated phase is identified. 

3, The identification of the BCR/ABL/ is most helpful in 
offering a diagnosis. The blast percentage, combined 
with patient’s clinical presentation, allows the identifi- 
cation of accelerated phase. 
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REVIEW QUESTIONS 
1. What is the typical M:E ratio in patients with CML 
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(chronic myelogenous leukemia)? 
a. 1:10 
DRAINS 
c. 10:1 
dss 


. What is the chromosomal abnormality found in CML? 


a. t(8;14) 
b. t(9;22) 
c. t(1;12) 
d. Trisomy 12 


. Which of the following is consistent with leukemoid 


reaction? 

a. Low WBC count 

b. Basophilia 

c. Presence of Philadelphia chromosome 
d. High LAP 


. Which phase of CML carries the worst prognosis and is 


generally unresponsive to treatment? 
a. Chronic 

b. Accelerated 

c. Blastic 

d. Refractory 


. Which of the following myeloproliferative disorders is 


characterized by a decreased LAP score? 
a. CML 

b. PMF 

Gams 

d. PV 


. Most patients (95%) are diagnosed in which phase 


of CML? 

a. Accelerated phase 
b. Chronic phase 

c. Blastic phase 

d. Fibrotic phase 


. The blastic phase of CML is defined by what percent of 


blasts found in the peripheral blood or bone marrow? 
a. 50% 
b. 10% 
c. 80% 
d. 20% 


. At the molecular level, the aberrant conjoining of 


genetic material from chromosome 9 and chromosome 
22 results in a fusion gene called: 

a. BCR-ABL] gene 

b. JAK2 gene 

c. p53 

d. The blast transformation gene 


9. Which of the following is a common risk fact 
for CML? aes 

a. Smoking 

b, Ionizing radiation 

c. Family history 

d. Sulfa drug therapy 


10. The Philadelphia chromosome is found jn Which 
MPN? 
a, PV 
b. CML 
c. ET 
d. PME 


11. Characteristics of CML include which of the 
following? 
a. Seen only in elderly patients 
b. Leukopenia 
c. Splenomegaly 
d. Enlarged lymph nodes 


12. Resistance to treatment is typically found in patients 
with: 
a. Low amount of blast cells in peripheral blood 
b. Multiple genetic alterations 
c. Basophilia 
d. Chronic phase CML diagnosis 


13. The BCR-ABL/ mutation is found in which MPN? 
a. ET 
b. PV 
c. CML 
d. PMF 


14. Confirmation of CML and other MPNs requires which 
analysis? 
a. LAP Score 
b. Cytogenetic analysis 
c. Peripheral blood smear 
d. Bone marrow analysis 


15. Which can be seen in CML? 
a. Increased LAP score 
b. The lack of Ph chromosome 
c, Frequent Dohle bodies 
d. Basophilia 


See answers at the back of this book. 
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Overview of Myeloproliferative Differential Diagnosis Incidence” 
Neoplasms Treatment Pathogenesis 
History of the World Health Essential Thrombocythemia Clinical Findings 
Organization Classification Definition Laboratory Testing and Results 
Genetic Basis of Classical MPNs incidence’ Differential Diagnosis 
General Differentiation of Pathogenesis Treatment 
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Laboratory Testing and Results References 
LEARNING OBJECTIVES 
At the end of this chapter, the learner should be able to: 19-7 Determine the diagnostic criteria for essential 
19-1 Describe the origin of myeloproliferative neoplasms. thrombocythemia. 
19-2 Correlate myeloid cells with their respective 19-8 Describe the clinical features of essential 
myeloproliferative neoplasms. thrombocythemia, 
19-3 Identify the myeloproliferative neoplasms that are 19-9 Assess the key laboratory findings related toa 
negative for Philadelphia chromosome. diagnosis of essential thrombocythemia. 
19-4 Differentiate polycythemia vera from secondary 19-10 Evaluate the clinical findings in primary myelofibrosis. 
polycythemia and relative erythropoiesis, 19-11 


Determine the laboratory findings for primary 
19-5 Assess clinical complications of polycythemia vera. myelofibrosis. 
19-6 Evaluate the diagnostic laboratory findings for 

polycythemia vera. 


he term of myeloproliferative disorders was first pro- . F : lasms 
i= by William Damashek in a Visionary eaitscelt in Overview of Myeloproliferative ae have 
1951 to describe disorders characterized by both the excessive , the p* 
proliferation of hematopoietic precursors in the bone marrow “Jeukem 
and the excessive production of mature blood thet® 
subsequent discoveries, Damashek’s concept o pat 
erative disorders continues to be universally ac 

These disorders, by definition, are a grou 
nous diseases that originate from the clonal e 
hematopoietic pluripotent stem cell resulting 
duction of one or more of the formed eleme 
(i.e., erythrocytes, granulocytes, and platelets 


Classically, myeloproliferative neoplasms Qt 
encompassed four clinical entities distinguished > 
cells. Despite dominant cell type involved: chronic FO 
f myeloprolif. | (CML), polycythemia vera (PV), essential throm gers 


cepted. (ET), and primary myelofibrosis (PMF). These 480°" 
P of heteroge-  ™Olecular and cellular characteristics but differ 10 Feat } 
xpansion of the and clinical presentation. The most prominent itp? 


L\I W 

in the overpro- CML is Philadelphia chromosome-positive |P ae ( 
nts of the blood 322 translocation and BCR-ABL! fusion gene a that ™ 
ytes, inthe peripheral Chapter 18). PV, ET. and PMF are [Ph(-)] MP vp mye 
blood).? To highlight the clonal nature, the term “disorders” characterized by increased clonal proliferation 0 ce 
was replaced with “neoplasms” in 2008.3 Cells due to JAK2 mutations. With CML, there !S ans 
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granulocytes; in PV, it is the overproduction 
~ and in ET, the overproduction of platelets. 
ized by a prominence of marrow fibrosis and 
isch hematopoiesis in the liver and spleen. The 
E avi al finding of MPNs is splenomegaly, which 
late ooo to 99% of patients depending on their spe- 
5 in er Distinctive features, along with overlapping 
? {sti 


ics of these four disease entities, are presented in 
os pil was discussed in Chapter 18; this chapter 
“ibe Fv, ET, and PMF. 
fot anemia iS present, it is usually caused by a myeloph- 
anemia (i.€-5 bone marrow infiltration of abnormal cell 
thisie 2” on and/or fibrosis) or increased splenic sequestration 
geod jenomegaly. The bone marrow is typically hypercel- 
et varying degrees of fibrosis. The fibrosis is considered 
= the bone marrow’s response to the increased production 
ofeytokines from genetically altered cells.‘ As the neoplasm 
in their severity, fibrosis worsens and hematopoie- 
«is can become apparent in secondary sites of hematopoietic 
ssivity, primarily the spleen and liver.® 


History of the World Health Organization 
Classification 

fn 2016, the World Health Organization (WHO) classifica- 
tion of myeloid neoplasms expanded the list of CMPNs to a 
iol of seven entities, adding chronic neutrophilic leukemia 
(CNL), chronic eosinophilic leukemia (CEL), and unclassi- 
fable myeloproliferative diseases. In addition, a category of 
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myelodysplastic/myeloproliferative diseases was created to 
include juvenile myelomonocytic leukemia, atypical chronic 
myeloid leukemia (lacking the 9;22 translocation; [Ph(—)]), 
and chronic myelomonocytic leukemia.2 The term “neo- 
plasm” was introduced in 2008 by the authors of the WHO 
Classification of Tumours of Haematopoietic and Lymphoid 
Tissues to underscore the clonal nature of myeloproliferative 
disorders and replaced chronic myeloproliferative disorder 
(CMPD) with “myeloproliferative neoplasms (MPN).”? The 
2008 WHO diagnostic criteria for the traditional BCR-ABLI- 
negative CMPDs (PV, ET, IMF) and the CEL/HES CMPDs 
was also revised, Additionally, the 2016 revision to the WHO 
classification of myeloid neoplasms includes the follow- 
ing myeloproliferative neoplasms (MPNs): chronic myeloid 
leukemia (CML) BCR-ABLI* (an oncogene or fusion gene); 
chronic neutrophilic leukemia (CNL); polycythemia vera 
(PV); primary myelofibrosis (PMF); essential thrombocythe- 
mia (ET); chronic eosinophilic leukemia (CEL), not otherwise 
specified; and MNP, unclassifiable (MPN-U).° 


Genetic Basis of Classical MPNs 

Because of their overlapping features, PV, ET, and PMF 
have been traditionally grouped into the category of Phila- 
delphia-negative classical MPNs. A key mechanism in these 
MPNs is an overactive JAK signaling pathway, because of 
JAK2 mutations. The identification of a unique base substitu- 
tion in the JAK2 gene, the gene encoding Janus kinase 2, in 
patients with PV, ET, and PMF provided a unifying genetic 
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basis for these disorders.’ Identification of somatic mutations 
of MPL (myeloproliferative leukemia virus oncogene) 
in patients with ET or PMF, of JAK2 exon 12 mutations 
in patients with PV, and more recently of somatic mutations 
of CALR (calreticulin gene) in patients with ET and PMF 
further improved the understanding of the genetic basis of 
classical MPNs.“*” 

In general, MPNs are classified as rare cancers, and this 
chapter focuses on PV, ET, and PMF. Although their WHO 
classification and novel molecular approach are important to 
the management of MPN patients, the focus of the chapter 
remains on a basic approach that is appropriate for medi- 
cal laboratory scientists. Since PV, ET, and PMF are clonal 
hematopoietic stem cell (HSC) disorders, understanding HSC 
biology is critical to MPN diagnosis and management. 


General Differentiation of MPNs 
Differentiation between MPNs is based upon identified 
molecular genetic alteration and predominant cell type and 
morphology in bone marrow and peripheral blood.* The most 
common MPN genetic mutations already mentioned include 
JAK2/CALR/MPL and BCR-ABL/ mutations. Three disorders 
(ie., PV, ET, and PMF) involve JAK2/CALR/MPL mutations, 
and CML has the diagnostic BCR-ABL/ mutation.’ In CML, 
the bone marrow shows a granulocytic hyperplasia with a 
dominant increase of granulocytes (neutrophils, eosinophils, 
and basophils) in the peripheral blood." (See Chapter 18.) In 
PV, an erythroid hyperplasia in the bone marrow is accom- 
panied by a corresponding increase of erythrocytes in the 
peripheral blood, whereas in ET, megakaryocytes are dom- 
inantly increased in the marrow and platelets in the periph- 
eral blood. PMF would seem to be the exception because it 
is characterized by a decrease in most cells (pancytopenia) in 
the peripheral blood, especially late in its course. However, 
pre-PMF may show an increase in all cell types, at least before 
bone marrow fibrosis supervenes to cause pancytopenia.° 

It should be noted that MPNs can transform from one 
disorder into another, and all can lead to an acute leukemia, 
such as acute myeloid leukemia (AML) or acute lymphocytic 
leukemia (ALL). 


ADVANCED CONTENT 
The JAK2/CALR/MPL mutations are three separate muta- 
tions found with MPNs. The most common mutation is the 
JAK2 (Janus kinase 2), which is located on chromosome 
9q24 and is frequently found in ~95% of PV and 60% of ET 
and PMF, among other disorders such as RARS-T (refrac- 
tory anemia with ring sideroblasts associated with marked 
thrombocytosis).® CALR (calreticulin) and MPL (myelop- 
roliferative leukemia virus oncogene) mutations are rarely 
found in PV but are found in ET and PMF.” CALR muta- 
tions are useful for diagnostic clarification in most JAK2>or 
MPL: patients with ET or PMF. These three mutations work 
to provide proof of clonality, diagnostic assistance, and 
prognosis guidance.’ There are rare cases of ET and PMF 


rte a ene 
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where no mutations (called “triple negative 
and diagnosis is based upon other clinical q / aE fog 
characteristics." 1 laboraign 
The relationship between the two mos ) 
found genetic alterations in MPNs, JAK? ang on 
is complex and revealing. BCR-ABL1 directly sy... 
activation of JAK2 to promote cell growth ang ‘i 
of cells.'? Conversely, JAK2 is responsible for thew 
_ of the BCR-ABL] protein. The oncogene c-yc sabi 
lated in response to JAK2, and the overexpression tee 
plays an essential role in BCR-ABL] transformation i 
findings provide evidence that the JAK2 protein cor, 
not only the stability of the BCR-ABL/ protein byt 
oncogenic signaling in BCR-ABL] positive cells." 
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Polycythemia Vera 


Polycythemia vera (PV) was first recognized in 199) 4 
Vaquez and then described by Osler in 1903 as a chron 
disease characterized by cyanosis, polycythemia, and spi. 
nomegaly.'* Since then, PV has captured the imagination o 
physicians in every generation because of its unique clined 
features and presentation, and still elusive molecular basis 


Definition 

PV is a chronic abnormality of the hematopoietic stem cl 
characterized by uncontrolled proliferation of erythroid, z= 
ulocytic, and megakaryocytic cells, with normal erythrope 
etin level. PV should be differentiated from both seconday 
polycythemia and relative erythrocytosis. In secondary por 
cythemia, only the erythrocytes are increased in number, ® 
relative erythrocytosis, the increase in hematocrit is secon} 
to a decrease in plasma volume. PV is compared with secu 
ary polycythemia and relative erythrocytosis in Table a 

It is important to distinguish relative from tue y% 
cytosis and apparent from true polycythemia, as show" * 
Figure 19-1.'° In relative erythrocytosis, there is a0 55 
in hematocrit values; but in absence of an elevatioa = 
blood cell volume, it is secondary to the decreased a 
volume, as happens in dehydration, diarrhea, vomiting." 
stress-related erythrocytosis, while the erythropolct © 
is normal in all listed conditions. Absolute erythro" 
a true increase in the number of circulating erythro Z 
hematocrit, as it happens in primary erythrocytos'* cor 
in secondary erythrocytosis, related to high altitude, 
and smoking. 

In absolute erythrocytosis, one can 
erythrocytosis, as is in PV, with abnormal plun : 
cells, excessive proliferation of neoplastic R se" sé 
and platelets, where erythropoiesis predominais ar 
a decrease in erythropoietin. On the eh - i* 
ary erythrocytosis, there is an excessive proliter® js Ke 
mal RBCs due to the increase in the erythrope® 
Secondary erythrocytosis and increase in the ae in 
levels are happening in the appropriate come oe 
in erythropoietin in response to tissue hypox# oh a 
pulmonary diseases, congenital heart failure, *"* 
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Absent > Fhe nd Present Absent 
Present in 75% Absent Absent 
Present in 35% Absent aap Se aE ao Absent si 


Laboratory Testing and Results 


Increased Increased 
Decreased (rarely normal) Increased (rarely normal) Normal 
Normal Decreased Normal 


Normal Normal 


Increased in 50% Normal Normal 


Often present Absent Absent 
Increased in 70% Normal Normal 
Hypercellular; increased erythropoiesis _ Increased erythropoiesis Normal 


and myelopoiesis; increased mega- 
karyocytes; fibrosis 


Increased in 75% Normal Normal 


EPO-dependent colony formation 


Autonomous, erythroid proliferation Not applicable 


MiBCS = nucleated fed blood cells; EPO = erythropoietin; LAP = leukocyte alkaline phosphatase. 


Het = 50% 
Het = 60% ples CO% 


“| = 


Apparent polycythemia 


Met= 50% Hot = 70% 


FIGURE 19-1 Erythrocytosis/ 
Polycythemia. The relationship of 
ted blood cell mass and plasma 
volume in the varieties of polycythe- 
mias. Hct = hematocrit. (Adapted 
from Tefferi A. Polycythemia vera: a 
comprehensive review and clinical 
recommendation. Mayo Clin Proc, 
2003;78(2):174-194,) 
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TABLE 19-3 Revised 2016 WHO Diagnostic Criteria 
for Polycythemia Vera 


. Hb (>16.5 g/dL in men; >16.0 g/dL in 
women) or hematocrit (>49% in men; 
>48% in women) or increased RCM’ 

2. Bone marrow biopsy** showing hyper- 
cellularity for age with trilineage growth 
(panmyelosis) including prominent eryth- 
roid, granulocytic, and megakaryocytic 
proliferation with pleomorphic, mature 
megakaryocytes (differences in size) 

3. Presence of JAK2 V617F or JAK2 exon 

12 mutation 


Minor Subnormal serum erythropoietin level 


Criteria Required 


All 3 major or the first 2 major and the minor 
for Diagnosis 


criterion 


CML = chronic myeloid leukemia; ET = essential thrombocythemia; Hb = hemoglobin; 
LDH = lactate dehydrogenase; MDS = myelodysplastic syndrome; MF = myelofibrosis; 
PMF = primary myelofibrosis; PV = polycythemia vera; RCM = red cell mass; WHO = 
World Health Organization. 


“More than 25% above mean normal predicted value. 

*Bone marrow biopsy may not be required in cases with sustained absolute erythrocy- 
tosis defined as hemoglobin levels >18.5 g/dL in men (hematocrit, 55.5%) or >16.5 g/ 
dL in women (hematocrit, 49.5%) if major criterion 3 and the minor criterion are pres- 
ent. However, initial MF can only be detected by performing a bone marrow biopsy; 
this finding may predict a more rapid progression to overt MF (post-PV MF). 

Source: Adapted from Vannucchi AM, Guglielmelli P. What are the current treatment 
approaches for patients with polycythemia vera and essential thrombocythemia? 
Hematology Am Soc Hematol Educ Program. 2017;2017(1):480-488. 


exon 12 mutations should be done in the presence of sub- 
normal serum erythropoietin levels. However, in up to 15% 
of patients with JAK2-mutated PV, the EPO levels may fall 
within the normal range." 

The WHO criteria do not mandate bone marrow biopsy 
for patients with hemoglobin levels >18.5 g/dL (men) and 
16.5 g/dL (women) because these levels are invariably equiv- 
alent to an expanded red cell mass. However, bone mar- 
row biopsy is recommended to assess bone marrow fibrosis 
because a grade >1 fibrosis at diagnosis of PV is associated 
with a poorer outcome.'”"? 


Incidence 

MPNs are classified as rare cancers because their incidence 
is lower than 6 per 100,000 persons per year. One study pro- 
vided the incidence for PV ranging from 0,4 to 2.8 per 100,000 
population.”” The median age at diagnosis is 65 years,”! with 
a slight predominance in men." PV is seen in all age groups, 
including young adults and occasionally even in children, 
Although rare, there have been reports of familial incidence 
of PV. The disease also appears to be more common in Jewish 
individuals of Eastern European descent. 


Pathogenesis 

The molecular hallmark of PV is a recurrent point mutation 
(V617F) in JAK2 that is detected in 95% of PV patients. 
JAK-STAT (Janus associated kinase-signal transducer and 
activator of transcription) pathway is one of the critical intra- 
cellular signaling in transduction of extracellular signals to 


_— 


the nucleus to control gene expression, Well-te 

signaling is essential for cell production, Geli Bulateg In 
and immune function. Intracellular regulator, “4 erat, 
pressor of cytokine signaling (SOCS), help re Ch ag Mp, 

: Eh eve) - : Sulate 

signaling.” Cytokines bind to receptors and actiy 14 
(JAK1 and JAK2). JAKs activate STATs (signal es JAK, 
and activators of transcription), which dimerize aed 
the nucleus. Inside the nucleus, the STATs bind 3 ; te 
stimulating the expression of genes related to celj 4“ MA 
differentiation, and proliferation. A variety of cue 
and growth factors complete their Physiological my 
through JAK-STAT pathway, including hematopoiesis ia 
regulation, fertility, lactation, growth, and embryogenesis 

Factors that affect JAK signaling are JAK? mutyion 
MPL mutations, excess cytokines, increased JAK] Sign 
and impaired negative signaling mechanisms, such as tng 
involving SOCS. So, in the absence of JAK2 mutations, Oty 
mutations can disrupt the normal function of JAK/sqy 
pathway, resulting in myeloid proliferation. MPL mutation 
extremely rare in PV. The lymphocyte adaptor protein (L\x 
is one of a family of adaptor proteins with a critical role 
regulation of signaling in hematopoiesis, functioning a 
negative regulator of the mutant protein in myeloprolifte 
tive neoplasms JAK2 (V617F). The number of mutations 
LNK have been described in a variety of myeloproliferaive 
neoplasms, causing increased cellular proliferation vit 
continued erythroid and thrombocytic production.” 

A decade after the description of JAK2 (V617F) muta 
in the MPNs, there is now evidence that MPNs are likely 
the result of combined genetic dysregulation, with sei 
mutated genes involved in the regulation of epigenetic m 
anisms.!8 Epigenetic changes are not due to a chang ™ & 
DNA sequence; these are reversible modifications that dic 
the way in which genes may be expressed (or silenced). 


> ADVANCED CONTENT 
| A methylatit” 


Among the epigenetic mechanisms, DN nt 
probably the best defined. Currently known MP! L cu 
| ated mutations now include JAK2, MPL, LN&: é rast 
| TET2, ASXL1, IDH1, IDH2, IKZF 1, and EZH- we 
our knowledge about the mutation profile of e oil? 
allow them to be stratified into risk groups he ysl 
"clinical decision-making." It is possible that cont 
| genetic therapies as alterative pathway targe’s to 
| tion with JAK inhibitors may be more effect!’ 

_ agent treatment. ; foc 
| The biological hallmark of PV 'S the i 
endogenous erythroid colonies with an i re 
_ independent differentiation. The question Jony fo 
how to relate the endogenous erythroid a b 
and JAK2 mutation observed in myelopr? cet 3 
| ders. JAK? activates multiple signal tanS0""™ yl? 
including activation of several STAT 


proteins * 
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kt, Ras/MAPK, and other signaling pathways 
mediated cell survival, proliferation, 

tion.* JAK2 (V617F) stimulates prolifer- 
hropoietin-dependent erythroid progenitors, 
ssion of JAK2 (V617F) promotes prolif- 
hropoietin-dependent erythroid progenitors.” 
likely that activation of these downstream 
ed by the JAK2 mutation allows for the eryth- 
pendent production of red cells and the for- 
ndogenous erythroid colony formation as seen 


ae 


ae 
Ginical Findings 
PY may develop slowly and remain unrecognized for 
years. Many patients are asymptomatic and are diagnosed 
incidentally on routine blood work drawn for other evalua- 
tions. Patients may present with thrombosis and/or bleed- 
ing secondary to erythroid expansion, hyperviscosity, and 
. Symptoms may also include headache, 
elevated platelets. S: Iso include headach 
‘pistaxis, ischemic or hemorrhagic stroke, angina, myocardial 
Ne or ication (cramping or pain in leg muscles). 
infarction, or claudication ( ping or pain in | les) 
Patients with underlying atherosclerosis are most likely to 
 Saperience these symptoms. 
_ Thrombosis is the most common complication in PV 
Ase s plication in 
tnd occurs in one-third of the patients.*® Unusual sites of 
"enous thrombus formation including hepatic vein, mesen- 
Plications venous, and portal vein thrombosis are common com- 
= of untreated PV. PV patients have, in decreasing 
dt frequency, headache, weakness, pruritus, dizziness, 
van nine: Additionally, pruritus, especially noted after a 
lead attributed to the cutaneous mast cell degran- 
= “ausing the release of histamine, fibrinolytic factors, 
is; itching i alized with the absence of 
anush, ig is generalized wi 
indy apy tromelal gia (erythema and painful burning in the 
SOdary 1 feet) is common in PY and is thought to be sec- 
tes sym, ‘ thromboxane secretion. Characteristically, 
ee aspirin are ameliorated by the administration of low- 
~TRaSed ther complications of PV include gout and an 
me Peptic ulcer disease. Patients with increas- 
Y May develop early satiety (fullness) and 
Provoked by splenic infarction. 
Beis the Most common physical finding in PV 
: 80% of the patients. However, in keeping 
= Omep, y liferative disorders, the manifestations 
an Sree 2d metaplasia, and myelofibrosis are 
"Se. In he 


at diagnosis and throughout the course of 

sal} may po ootemic phase of the disease, modest 
observed, as well as plethora. Pleth- 
Male % Cyanotic complexion resulting from an 
r ithehany, UO it appears especially on the face 


yy el exar: » feet, and ears, and is a common finding 
re ion On. 


: coe in 50% of patients, again second- 

) Mon. Patients may also have skin excorl- 

» 1Ptic fundi : arte? 

i Vessel engorgement, and gout) 


arthritis and tophi. However, 15% to 20% of patients trans- 
form to a spent phase with progressive anemia and increas- 
ing splenomegaly. The spent phase of PV is associated with 
increased marrow fibrosis and extramedullary hematopoiesis, 
primarily in the liver and spleen. The spent phase of PV is 
often referred to as postpolycythemic myeloid metaplasia 
and myelofibrosis, and it can be indistinguishable from idio- 
pathic myeloid metaplasia and myelofibrosis, both clinically 
and by laboratory findings. The spent phase is characterized 
by constitutional symptoms (fever, night sweats, and weight 
loss), worsening hepatosplenomegaly secondary to increased 
extramedullary hematopoiesis, and resultant portal hyperten- 
sion with ascites, variceal hemorrhage, and portal systemic 
encephalopathy. 

The risk of leukemic transformation in PV at 20 years was 
found to be approximately 15%.?” 


Laboratory Testing and Results 
Diagnostically, the most significant peripheral blood finding 
in PV is an absolute erythrocytosis with elevated RBC counts 
in the range of 6-10 X 10'/L, with hemoglobin (Hb) con- 
centrations >18.5 g/dL in males and >16.5 g/dL in females. 
The hematocrit (Hct) is often higher than 52% (>0.52 L/L) in 
men and higher than 48% (>48 L/L) in women. Because these 
are measures of concentration, it is important to separate 
hemoconcentration from a true increase in red cell mass. 
Attention must also be paid to the mean corpuscular vol- 
ume (MCV) because patients with PV occasionally present 
with iron deficiency secondary to occult, gastrointestinal 
blood loss, most often resulting from abnormal platelet func- 
tion. Additionally, repeated therapeutic phlebotomy can also 
cause iron deficiency. Because of this, a confusing peripheral 
blood picture can be seen in PV, very similar to thalassemia 
with significant microcytosis. A normal hematocrit with pro- 
found microcytosis is characteristic of PV patients with iron- 
deficient erythropoiesis secondary to gastrointestinal blood 
loss, which is frequent in patients with PV (Fig. 19-2). 
Assays for serum erythropoietin levels are now readily 
available and are accurate and reproducible. These assays 
can be helpful in separating PV from other causes of poly- 
cythemia. In PV, erythropoietin levels are characteristically 
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low. Peripheral blood assays for erythropoietin-independent 
endogenous erythroid colony formation growth in vitro can 
be helpful in confirming the diagnosis™*> but are not readily 
available. 

Characteristically, at presentation there is increased red cell 
production in intramedullary sites. The erythrocytes are nor- 
mocytic, normochromic, and have a normal life span. As the 
disease progresses, extramedullary ineffective hematopoiesis 
leads to an increasing anisocytosis and poikilocytosis, as well 
as shortened red cell life span secondary to splenic seques- 
tration. Many patients demonstrate the microcytosis and 
hypochromia associated with iron deficiency, low serum iron, 
decreased mean corpuscular volume (MCV), and decreased 
mean corpuscular hemoglobin concentration (MCHC) 
occurring in about 50% of patients. This iron deficiency is 
attributed to a shift of iron into the expanding erythroid 
mass and to gastrointestinal blood loss, possibly aggravated 
by platelet dysfunction. The reticulocyte count is usually 
normal, and only rarely are immature erythrocytes found in 
the peripheral blood. 

Relative and absolute granulocytosis occurs in approxi- 
mately two-thirds of the patients. The elevation in the total 
WBC count is usually moderate, with counts in the range of 
12 to 25 X 10°/L. However, because only the neutrophils are 
increased in PV, the total WBC may not accurately reflect 
disease activity. Occasionally, basophilia and eosinophilia 
are apparent, and a few metamyelocytes, myelocytes, and 
even more immature cells may occasionally be seen on 
examination of the peripheral smear. A shift to the left can 
be found, and the LAP score is usually higher than 100 (see 
Table 19-2). 

Thrombocytosis is present at the time of diagnosis in 
about 50% of patients with PV. The platelet count is most 
often moderately elevated, with counts between 450 and 
800 X 10°/L. In approximately 5% of the patients, the platelet 
count exceeds 1,000 X 10°/L. Platelet life span may be short- 
ened in proportion to the extent of pooling in the spleen. Mor- 
phological alterations of platelets include the presence of giant 
platelets as well as deficient granulation. Most patients with PV 
form spontaneous megakaryocytic colonies. Platelet aggrega- 
tion studies may be abnormal but are poorly predictive of the 
risk of thrombosis or hemorrhage and are not routinely 
done as part of the evaluation for PV. In most instances, the 
bleeding time is normal despite in vitro platelet functional 
abnormalities. Moreover, in general, the bleeding time is a 
poor predictor of spontaneous or surgical bleeding. 

Prothrombin time (PT), activated partial thromboplastin 
time (APTT), thrombin time (TT), and fibrinogen levels are 
generally normal in patients with PV. When performing coag- 
ulation tests on patients, the anticoagulant-to-blood ratio must 
be maintained at a 1:9 ratio. This required ratio can become 
challenging when the hematocrit is high, as in the case of 
erythrocytosis, and the plasma volume is decreased relative 
to the increase in packed red cells, Collecting blood from 
a patient with erythrocytosis in a normal sodium citrate 
blood collection tube results in an excess amount of antico- 
agulant relative to the smaller amount of plasma. Therefore, 
appropriate collection requires a reduction in the amount 


of sodium citrate anticoagulant to obtain the 


anticoagulant-to-blood ratio. 


The RBCs in the peripheral smear are gene 
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granulocytes may be seen but not circulatin 


platelets can occasionally b 


characteristically shows panmyelopathy with ¢ 
myeloid, and megakaryocytic hyperplasia, in ¢ 


secondary erythrocytosis, in 
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; Ontrast 
which only erythroiq Sid 


e found. The 


plasia is evident (Fig. 19-3). Megakaryocytes are pe 


increased in number and are 


atypical, with deeply lobateg 


nuclei. They are often arranged around marrow Sinusoids 
or in a paratrabecular location. Bone marrow iron stor 
demonstrated by Prussian blue staining, are reduced o 
absent. This reduction results from the shift of iron to th 
expanded red cell mass. Stainable iron may be entirely 
absent in patients with chronic blood loss or after mult. 


ple phlebotomies. Fibrosis is 
the course of the disease bu 


10 to 15 years and can reach up to 50% after 20 years with 


rare (less than 5%) early in 
it may increase to 20% after 


progression to the spent phase. Serial biopsies performed 


over a period of many years 


showed progressive increas 


in reticulin deposits even before the spent phase develops 
As the disease runs its course, cellularity usually decreases, 
although megakaryocytosis may persist. 

The leukocyte alkaline phosphatase (LAP) score is ee 
vated in PV in contrast to CML in which the LAP scors 
decreased (Fig. 19-4). Uric acid, LDH, and vitamin B, , levels 
can be elevated as well, secondary to high cellular umo 


Hyperuricemia and uricosuria 
with PV at the time of presen 
synthesis and degradation of 


be seen in other hyperproliferative marrow disorde 


patients with elevated uric aci 


but uncommonly, clinical gout may develop. A! 


are found in 40% of panes 
tation, reflecting the increastl 
cellular nucleotides, 204 @ 
rs, Mos 


: f, 
d levels remain asymptoma 
ow to none 


2 t 
erythrocyte sedimentation rate (ESR) is commonly = 
PV patients. The increased hematocrit, as well as the 


ratio of red cell membrane to p 
may account for this finding. 


FIGURE 19-3 Bone marrow showing panhyperPl2s! be 


ss. 
Jasma fibrinogen and globu! 


ne 
ain pee 


vera. Note increased number of megakaryocytes 2” 


(low power). 
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ma 134 Leukocyte alkaline phosphatase (LAP) stain of peripheral 
Showing increased activity in polycythemia vera (red staining). LAP 
"9@tive stain in CML (bottom), 


Peripheral blood assays for erythropoietin-independent 
—. erythroid colony formation growth in vitro, as 


"25 can be helpfull in confirming the diagno- 


“re diy available. 
tions etic disorders are often driven by genetic muta- 
beng bEMiC alterations, as new advanced molecu- 
tigh are utilized in hematology.** Because of the 
Moog CY Of JAK2 (V617F ) mutation in PV, peripheral 
| pin inj 8 for JAK2 (V617F ) is recommended as a first 
V Since Mal evaluation of patients suspected of having 
| May art than 95% of patients with PV exhibit the 
*M8upporied (V617F), in its absence, the diagnosis of PV 


ane 


abnormalities, such as chromosomal aneu- 
deletions, can be found. Trisomy 8 or 9, 
may Mes 13 Chromosome 1, and partial deletions of 
fhe, *boormal; and 20 are the most consistent chromo- 
Veral Hes. Abnormal karyotype that adversely 
“iy hey transformation-free survival” was 
IMately 20% of patients (+ 9, + 8, and 


; 

20q- being the most frequent). Overall, the presence of 

| cytogenetic and chromosomal abnormalities increases after 
years of treatment and may have an effect on the risk of 


| transformation and progression to acute leukemia.”’ 
I 


Differential Diagnosis 

It is essential that PV be differentiated from the more benign 
causes of secondary erythrocytosis and relative polycythemia 
so that the effective therapy may be initiated. However, the 
differential diagnosis between primary (PV) and secondary 
polycythemia may not always be straightforward. 

The arterial oxygen saturation should be >92% as indicated 
in the PV diagnostic criteria. Patients with arterial oxygen sat- 
urations below 92% should be suspected of having secondary 
polycythemia related to hypoxia. Secondary polycythemia 
may be appropriate (secondary to hypoxia from chronic 
obstructive pulmonary disease [COPD], right to left cardiac 
shunts, and hemoglobin with increased oxygen affinity) or 
inappropriate as with erythropoietin secretion secondary to 
renal cysts, or hypernephroma. Please refer to Table 19-2 and 
Figure 19-1 for features that differentiate PV from second- 
ary polycythemia and relative erythrocytosis. A brief list of 
the causes of secondary polycythemia is given, but its 
management is beyond the scope of this chapter. Unlike 
secondary polycythemia, PV is a panmyelopathy and is 
usually associated with thrombocytosis and leukocytosis. 


Treatment 

Generally, the purpose of treatment is to provide relief of 
symptoms, minimize long-term complications, such as throm- 
bosis and hemorrhage, and to avoid increasing the risk of 
leukemic transformation. The most common treatment modal- 
ity utilized in PV is therapeutic phlebotomy. Reduction of 
blood volume (usually one unit of whole blood, 450 cc) can be 
performed weekly or even twice weekly in younger patients 
to control symptoms. The Het target range is less than 45% 
(0.45 L/L) for men and less than 42% (0.42 L/L) for women. 
Therapeutic phlebotomy decreases the erythrocyte count 
while reducing blood viscosity and alleviating symptoms. 
However, these blood collections can result in iron deficiency 
and therefore may be required less frequently, at every 3 to 
6 months. Aspirin therapy (81-100 mg once daily) plus 
therapeutic phlebotomy with a target hematocrit of 45% 
(0.45 L/L) in all male and female patients with PV, regardless 
of risk status, has been recommended. 

Hydroxyurea, a traditional cytoreductive agent used in PV, 
can reduce the thrombosis rate, normalize the platelet count 
and spleen size, and ameliorate hypercatabolic symptoms. 
Subcutaneous injections of interferon-alpha can also control 
blood counts, splenomegaly, and hypercatabolic symptoms. 
However, side effects such as fever, fatigue, depression, 
anorexia, nausea, and vomiting can limit that treatment’s use- 
fulness. Anagrelide, an oral imidazoquinazoline derivative 
that decreases platelet production and inhibits platelet aggre. 
gation, has also been used in PV, primarily for the contro} of 


thrombocytosis. 
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Cytoreductive therapy may be reserved for high-risk patients 
who are older than 60 years, have thrombotic risk factors, prior 
thrombotic events, and/or increased platelet counts. In addi- 
tion, JAK2 inhibitor therapy'*'7#° and epigenetic therapies" are 
reasonable to be considered for high-risk patients. JAK2 inhib- 
itor therapy, in the presence of protracted pruritus or markedly 
enlarged splenomegaly, has been shown to be refractory to the 
aforementioned drugs.*! While hydroxyurea remains the first- 
line treatment for cytoreduction in most “high-risk” ET and PV 
patients, the disease-modifying potential of interferon (IFN) 
is promising and could make it a preferred option for selected 
patients.** Advances in molecular testing will enable a more 
individualized approach to prognosis and treatment selection.” 

A cytoreductive therapy in “high-risk” patients is recom- 
mended with the first-, second-, and third-line drugs of choice 
being hydroxyurea, pegylated interferon-a, and busulfan, 
Tespectively.*! 


erences 
CRITICAL THINKING QUESTION 
19-1 If there are increased numbers of RBCs in PV, why is the 
ESR normal or even low in these patients? 


See answers to all Critical Thinking Questions at the back 
of this book. 


Essential Thrombocythemia 


Initially, essential thrombocythemia was referred to as hemor- 
thagic thrombocythemia and identified as thrombocytosis that 
was secondary to other disorders. Considerable controversies 
existed regarding essential thrombocythemia, and it was not 
until 1960 that essential thrombocythemia was established as 
a separate disease entity on a clinicopathologic basis.** 


Definition 

Essential thrombocythemia (ET) is a rare but serious myelop- 
roliferative neoplasm (MPN) characterized by marked throm- 
bocytosis with bone marrow megakaryocytic hyperplasia and 
a tendency to develop thrombotic and hemorrhagic complica- 
tions.”!72°54 The WHO revised diagnostic criteria for ET in 
2016 are given in Table 19-4. There was no substantial change 
in the diagnostic criteria of ET compared with the previous 
version (2008), except for including CALR mutations among 
the major criteria. These guidelines include: 


1, Platelet count 2450 X 10°/L. 

2. Bone marrow biopsy showing proliferation mainly of 
the megakaryocyte lineage with increased numbers of 
enlarged, mature megakaryocytes with hyperlobulated 
nuclei. No significant increase or left shift in neutrophil 
granulopoiesis or erythropoiesis and very rarely minor 
(grade 1) increase in reticulin fibers. 

3. Not meeting WHO criteria for BCR-ABL! CML, PV, 
PMF, MDSs, or other myeloid neoplasms, 

4. Presence of JAK2, CALR, or MPL mutation, 


Incidence . 
One study provided an incidence of ET from 0.38 to 1.7 per 


100,000 persons per year.” It seems to be the most frequent 


TABLE 19-4 Revised 2016 WHO Diagnost; 


: C Criter 
for Essential Thrombocythemia riterig 


Major 1. Platelet count =450 x 19%, 

2. Bone marrow biopsy showi i 
mainly of the mesehayecysia a 
increased numbers of enlarged, mature 
megakaryocytes with hyperlobulateq fl 
No significant increase or left shiftin a 
granulopoiesis or erythropoiesis and Very | 
minor (grade 1) increase in Feticulin fibers 

3. Not meeting WHO criteria for BCR-ABLI cy | 
PV, PMF, MDSs, or other myeloid Neoplasms 

4. Presence of JAK2, CALR, or MPL 


Minor Presence of a clonal marker or absence fen | 
dence for reactive thrombocytosis 


Mutation | 


CriteriaRequired All 4 major criteria or the first 3 major andthe | 
for Diagnosis minor criterion | 


CML = chronic myeloid leukemia; ET = essential thrombocythemia; Hb = hemagt 
LDH = lactate dehydrogenase; MDS = myelodysplastic syndrome; MF = Myelofionrs 
PMF = primary myelofibrosis; PV = polycythemia vera; RCM = red cell mass; 
WHO = World Health Organization. 

Source: Adapted from Vannucchi AM, Guglielmelli P. What are the current treatme 
approaches for patients with polycythemia vera and essential thrombocythema? 
Hematology Am Soc Hematol Educ Program. 2017;2017(1):480-488. 


of the MPNs, with approximately 6,000 people diagnosé 
annually in the United States. The median age at diagnosis s 
68 years,” although as many as 20% of patients may be young 
than 40 years of age. The disease is more common in wom. 
with a female-to-male ratio of 1.6. Interestingly, the increa#! 
incidence of ET in women is most apparent in women betwe! 
30 and 50 years of age. Although MPN patients overall he 
reduced life expectancy compared with the general popu 
tion, the relative survival rate is lower in PMF compared ¥* 
PV, and in PV compared with ET.*> Interestingly, survival 
patients with WHO-defined ET is similar to that of the se" 
age-standardized European population. Excess of mortiit)* 
MPN patients is attributable to death from hematologi¢ iat 
nancies or from bacterial infections, and in young patients 
from cardiovascular and cerebrovascular disease. How" 
overall there has been a clear improvement in survival belo 
1973 and 2005, mainly because of decreased probabil" 
dying as a result of these complications.® 


Pathogenesis 
As in myelofibrosis and polycythemia vera, dyst® nyse 
naling in the JAK pathway plays a role in the pony io 
ogy of ET, The JAK2 (V6! 7F) mutation occurs ina : i 
of patients with ET,” and a mutation in the thrombop® 


aries 
receptor gene MPL occurs in about 4% of affected P 


ulated SS 


> ADVANCED CONTENT a 
n in 


| In PV, JAK2 (V617F) mutation also sie ho? 
responsiveness to erythropoietin (EPO). °° ay # 
| bopoietin (TPO), the major megakaryocy"* 


—— 
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Enumeration of platelets in whole blood counters can be 
problematic due to variations in platelet size and spontaneous 
platelet aggregation. Therefore, review of peripheral smears 
for the presence of platelet aggregates is mandatory to avoid 
errors in platelet counting. 

A mild normocytic, normochromic anemia may be present 
in up to 50% of patients, although the hemoglobin value is not 
usually less than 10 g/dL. Recurrent hemorrhage due to low 
platelet count typically leads to iron deficiency anemia, which 
corresponds with a microcytic, hypochromic blood picture. 
Erythrocyte morphological findings reflect hyposplenism or 
autosplenectomy that may occur with splenic infarction and 
atrophy. These findings include the presence of Howell—Jolly 
bodies, nucleated erythrocytes, Pappenheimer bodies (sid- 
erotic granules), target cells, acanthocytes, and poikilocytosis. 

For medical laboratory scientists, it is important to note 
that thrombocytosis with variation in size and shape and plate- 
let aggregates and clusters could interfere with RBC counts 
on automated cell counters and falsely elevate these counts. 
Therefore, the hemoglobin determination could be a better 
parameter to assess anemia. 

A leukocytosis can be present in about one-third of patients. 
Neutrophilia is observed in the majority of patients with ele- 
vated WBC counts. The LAP score is variable but most com- 
monly is normal. 

The bone marrow in patients with ET exhibits marked 
hyperplasia with a striking increase in the megakaryocytic 
component. Megakaryocytes are typically larger than normal 
and may be dysplastic in appearance with abundant cytoplasm 
and hyperlobulated nuclei, usually occurring in loose clusters 
or dispersed in the marrow (Fig. 19-6). Significant marrow 
fibrosis is generally not seen. Stainable iron is normal to 
slightly decreased in most cases, and increased reticulin con- 
tent is often seen. 

Platelet function studies reveal a variety of abnormalities 
in some patients. Abnormal platelet aggregation to epineph- 
rine, collagen, adenosine diphosphate (ADP), and ristocetin 
are quite frequent. Studies have demonstrated both normal 


er . 


FIGURE 19-6 Essential thrombocythemia, bone marrow. Note increased 
megakaryocytes. (From Hyun BH. Morphology of Blood and Bone Marrow. 
Philadelphia: American Society of Clinical Pathologists, Workshop $121; 
1983, with permission.) 


7 


bleeding times (even in the case of patients With h 
tendencies) and prolonged bleeding times. PT otha 
usually normal. Reduced platelet factor 3 Orn PIT 2, 
platelet adhesion, low protein S levels, ang Mele 
pool defects have all been reported in ASSOCiation win 
These abnormalities are not useful in Predicting Sy T 
or hemorrhage. In addition, the severity of dirs Omg 
does not necessarily correlate with the Presence, 4 ay 
or severity of symptoms. Falsely elevated serum Wie 
and phosphorus levels will sometimes be seen ag result = 
vitro release of potassium from platelets, Increase wis 
uric acid, lactate dehydrogenase, and acid Phosphatase an, 
caused by the increase in a cellular turnover. 

Approximately 50% to 60% of ET patients have a my, 
tion of the JAK2 gene; 30% CALR gene mutation; 3», MPL 
gene mutation; and about 12% of patients with ET are guy. 
negative for these gene mutations.'”~° The finding of the Jip 
mutation supports the existence of more than one type of. 
ology of this disease. Red cell mass determinations and en, 
ropoietin levels may be necessary in patients with borderi: 
hematocrits to rule out PV. Marrow karyotype is genenil 
normal. Clinical diagnosis in patients with ET can be aidedty 
mutational findings of JAK2, CALR, or MPL genes. However 
although there is a diagnostic value of mutations in the thre: 
genes JAK2, CALR, and MPL, the effect of the mutation hx 
correlated to the clinical outcome for patients has not bea 
fully elucidated.*° 


Differential Diagnosis 

Essential thrombocytosis must be differentiated from 2 s* 
ondary reactive thrombocytosis. This differential diagws 
can be difficult, and ET often remains a diagnosis of 
sion. Essential thrombocytosis or thrombocythemia mus * 
differentiated from the various causes of reactive throme 
cytosis listed in Table 19—5. The features differentiating £ 
from reactive thrombocytosis are summarized in Box IF 


TABLE 19-5 Differentiating Laboratory Results 
Between Essential Thrombocytosis and Reactive 
Thrombocytosis ers 


Essential 


Thrombocyesis _ Rencte Taboo 


Platelet count Frequent infrequent 
>1,000,000 
peact® 
Leukocytosis Frequent Can be present it 
states 
Anemia Normocytic MicrocytiG ne 
normochromic _ (secondary t 
deficiency) 
Splenomegaly —-<50% Not present 
Clustering Common Not present 
megakaryocytes 
in bone marrow 
Bone marrow 20% Not present 


fibrosis 


causes of Reactive Thrombocytosis 


3 perortge hyposplenism 


to 


‘ tory disorders 
infection 


anemia 


ticanemia 
lastic diseases 
disease 


drecovery from thrombocytopenia 


sis is often present in patients with a wide 
inflammatory, malignant, infectious, and trauma- 
conditions, Reactive thrombocytosis, even when 
weeks or months, is usually well tolerated in these 
and is usually not associated with thrombosis or 
ge, Bone marrow examination may not allow a dis- 
een ET and reactive thrombocytosis and should 
lwhen alternative etiologies are readily apparent. 
Count in secondary (reactive) thrombocytosis sel- 
00 X 10°/L, and commonly falls in the range 
X 10°/L; the platelet morphology and func- 
Y normal. Other markers of the acute phase 
interleukin-6 (IL-6), plasma fibrinogen, and 
iN are elevated in the acute phase response 
ma, and inflammation, and may help in dif- 
tive thrombocytosis from ET. Some patients 
strate erythropoietin-independent endogenous 
formation, which is never found in reactive 
» When endogenous erythroid colony forma- 
presence of an MPN euch as ET is supported. 
10) € platelet count is persistently greater than 
akary and bone marrow demonstrates predominant 

fe hyperplasia, the diagnosis of ET should be 
is nd differentiation from other MPNs with throm- 
oi sary, Because there are no unique clinical, 
a Aor histopathologic findings in this disease, it is 
; teat of exclusion, Molecular analysis of the 
yy ABE) gene re be performed to ensure the absence of 
"Sg o seeements, (See Chapter 18 on Chronic 
Mag! MP is often 


‘ Associate: th extreme thrombocyto- 
‘ CF, there is d with extreme yl 
ic : 
Hl Picture, teardrop poikilocytosis, and the 
© myelofip P po y 


: Usually marked splenomegaly, a leuko- 
“Siig Ulin 'Srotic involvement of the bone marrow 
Mya Of the bio 4nd collagen fibrosis). In ET, less than 
Sway "Plast; PSy area demonstrates fibrosis. 
'y cs 
Presen, 


ye ndromes associated with thrombocyto- 
Ith a more severe degree of anemia that 
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is often macrocytic in appearance compared with that seen 
n patients with ET. In addition, the presence of either cyto- 


Senetic abnormalities (5q", deletion 7, trisomy 8) or ringed 
Sideroblasts in the bone marrow denotes a myelodysplastic 
syndrome as the cause of the associated thrombocytosis rather 
than essential thrombocythemia. (See Chapter 20 on Myelo- 
dysplastic Disorders.) 


ates 


CRITICAL THINKING QUESTION 
19-2 Due to the Increased likelihood of platelet aggregates 


and giant platelets in patients with ET, how might 
you expect the automated CBC results to be 
affected? 


Treatment 

The therapeutic approach to ET depends on many factors, 
including the patient’s age and childbearing potential, the 
height of the platelet count, and, most importantly, the pres- 
ence and duration of symptoms. 


> ADVANCED CONTENT 


Cytoreductive therapy includes use of hydroxyurea, 
anagrelide, and ruxolitinib. Current drug therapy for essen- 
tial thrombocythemia (ET) and polycythemia vera (PV) is 
neither curative nor has it been shown to prolong survival. 
Fortunately, prognosis in ET and PV is relatively good, with 
median survivals in younger patients estimated at 33 and 


_ 24 years, respectively.*' Therefore, when it comes to treat- 
_ ment in ET or PY, it is better to avoid exposing patients 


to new drugs that have not been shown to be disease- 
modifying and whose long-term consequences are suspect 
(e.g., ruxolitinib), Furthermore, the main indication for 
treatment in ET and PV is to prevent thrombosis, and, in 
that regard, none of the newer drugs have been shown to be 
superior to the time-tested older drugs (e.g., hydroxyurea).! 
Currently, three major factors for thrombosis must be con- 
sidered—history of thrombosis, JA4K2/MPL mutations, and 


_ advanced age—to group ET patients into four risk catego- 


ries; “very low risk” (absence of all three risk factors), “low 
risk” (presence of JAK2/MPL mutations), “intermediate- 
risk” (presence of advanced age), and “high-risk” (presence 
of thrombosis history or presence of both JAK2/MPL muta- 
tions and advanced age), Tefferi et al. provided a treatment 
algorithm that is risk-adapted and based on evidence and 
decades of experience,’' 


The most important first step in the management of ET is 


to confirm the accuracy of the diagnosis and make sure that 
other myeloid neoplasms, which might mimic ET in their pre- 
sentation (¢.g., prefibrotic PMF, masked polycythemia Vera, 
chronic myeloid leukemia, refractory anemia with ring sidero 


blasts, and thrombocytosis), are excluded.’! Platele 


tpheresis 
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is used to reduce platelet counts, and hydroxyurea is used 
to suppress megakaryocyte production in the bone marrow. 
Anagrelide has been evaluated for its efficacy and safety 
as a first-line therapy for ET. However, these studies sug- 
gested that it was not better than hydroxyurea and might be 
harmful for patients who may experience a higher incidence 
of arterial thrombosis, bleeding complications, and fibrotic 
progression.*! 

Additionally, therapeutic trials with interferon show 
improvement in both clinical symptoms and hematological 
parameters; however, withdrawal of interferon, leads to recur- 
rence of thrombocytosis. In conclusion, while hydroxyurea 
remains the first-line treatment for cytoreduction in most ET 
and PV patients, the disease-modifying potential of interferon 
is promising and could make it a preferred option for selected 
patients. The advances in molecular testing will definitively 
enable a more individualized approach to prognosis and the 
treatment selection.** 


Primary Myelofibrosis 


Primary myelofibrosis (PME), also called idiopathic myelo- 
fibrosis or idiopathic myeloid metaplasia with myelofibrosis, 
was first introduced by Heuck in 1879 when he described 
a case of a 24-year-old butcher who had severe fatigue for 
1 year. On examination, he showed severe anemia, leukocytosis 
with myeloid immaturity, and marked hepatosplenomegaly. A 
severe osteosclerosis and extramedullary hematopoiesis was 
shown on autopsy, indicating that myelofibrosis with myeloid 
metaplasia in this case was distinct from leukemia. PMF was 
formally included as one of the myeloproliferative disorders 
in 1951. 


Definition 

Primary myelofibrosis (PMF) is a clonal hematopoietic 
stem cell disorder characterized by bone marrow fibrosis, 
symptom burden, splenomegaly, and cytopenias. PMF is a 
disease with significant heterogeneity and symptom burden. 
Patients with PMF show the whole range of presentations 
starting from those who are essentially asymptomatic to 
those who have severe symptoms that affect their quality of 
life and daily functioning.** PMF is a progressive hemato- 
poietic stem cell disorder characterized by bone marrow and 
blood cell abnormalities. Bone marrow fibrosis and insuf- 
ficient hematopoiesis drive extramedullary hematopoiesis, 
particularly in the spleen. Therefore, PMF is characterized 
by fibrosis of the marrow, extramedullary hematopoiesis, or 
myeloid metaplasia of the spleen and liver. This triad gives 
rise to moderate to marked splenomegaly and hepatomeg- 
aly, leukoerythroblastosis, and teardrop poikilocytosis of the 
peripheral blood. 

PMF is known by at least 20 synonyms. Some of the terms 
that have been used most frequently are agnogenic myeloid 
metaplasia (AMM), myelosclerosis, osteosclerosis, aleuke- 
mic myelosis, and chronic idiopathic myelofibrosis (CIMF) 
or primary myelofibrosis (PMF). The term myelofibrosis with 
myeloid metaplasia, or just idiopathic myelofibrosis (IMF), 
highlights the essential features of fibrosis and extramedullary 
hematopoiesis. 


PMF can be divided into two stages: g 
stage and a fibrotic stage. The Prefibrotic sig 
terized by a granulocytic and Megakaryog ti 
eration, decreased number of erythroid si MY elope, 
fibrosis, and abnormalities in megakaryopoieg, ack 
ized by atypical megakaryocytes, Clinically, Po Char ; 
of PMF mimics the early stages of ET and PV Te Mp 
stage is characterized by fibrosis of the marrow. ; fibro, 
lary hematopoiesis (splenomegaly), and | eukoeryth ttt 
of the peripheral blood. Toblas 
The WHO updated and revised diagnostic crit 
PMF in 2016 are given in Table 19-6. Compared 
vious 2008 WHO version, a remarkable action w 
fication of a prefibrotic/early form of PMF as a 
with respect to ET and overt fibrotic PMF, Increased numb 
of large and mature-appearing megakaryocytes with re 
lobulated nuclei, in the context of normal, age-adjusted hoy 
marrow cellularity, are typical of ET. In pre-PME, megakar, 
ocytes display abnormal maturation with hyperchromati ani 
irregularly folded nuclei, form clusters, and are surrounded 
increased cellularity with granulocytic proliferation and of 
decreased erythropoiesis.’ Other minor criteria may aly 
help in the differential diagnosis between ET and pre-P\F 


IS 


ma fora 
With the 
ee the Ideng, 
distinct en, 


TABLE 19-6 Revised 2016 WHO Diagnostic Criteria 
for Prefibrotic PMF 


. Megakaryocytic proliferation and atypia, 
without reticulin fibrosis >grade 1, accom- | 
panied by increased age-adjusted BM cell | 
larity, granulocytic proliferation, and often | 
decreased erythropoiesis 

2. Not meeting the WHO criteria for BCR-ABL+ 
CML, PV, ET, MDS, or other myeloid | 
neoplasms ; 

3. Presence of JAK2, CALR, or MPL mutation 
or in the absence of these mutations, 
presence of another clonal marker,’ of 
absence of minor reactive bone marrow | 
reticulin fibrosis® ee 

a. Anernia not attributed toa comorbid 
condition 

b. Leukocytosis 211 X 10°%7/L 

. Palpable splenomegaly 

d, LDH increased to above upper"? 


rang 


ra) 


mal | 
| 


jon 
- ; inor citer 
Criteria Required All 3 major criteria, and at least tml 


for Diagnosis a 
ae ja; Hb = 5 
CML = chronic myeloid leukemia; ET = essential thrombocyther om ne 
LDH = lactate dehydrogenase; MDS = myelodysplastic ar cell mass Wf 
PMF = primary myelofibrosis; PV = polycythemia vera: tod 
World Health Organization. 
‘In the absence of any of the 3 driver mutations, ¢ Jonal nature raf 
accompanying mutations are of help in determining the ¢ roimmune ne 
“Minor (grade 1) reticulin fibrosis secondary to infection, ie other mphor 
other chronic inflammatory conditions, hairy cell sp aneey aust 
plasm, metastatic malignancy, oF toxic (¢ hronic) pusnee Sad erent we 
Source: Adapted from Vannucchi AM, Guglielmelli aye tial thobO" 
approaches for patients with polycythemia vera and one ne 5 
Hematology Am Soc Hematol Educ Program. 2017:2017(1" 


free 
he search for the most ne A 


-_ relevance of distinguishing ET from pre-PMF 
osti several studies in terms of median survival, 


sl better prognosis.” 


"MPNs are classified as rare cancers because their 

-< Jower than 6 per 100,000 persons per year. One 
Band the following incidence estimates: PV from 
oy ET from 0.38 to 1.7, and PMF from 0.1 to 1.0 per 
-* per year.” These disorders generally occur 
00 aap or advanced-age adults, with a median age of 
for PV, 68 years for ET, and 70 years for PMF.2! 
jnited States, PMF has an incidence of 1.5 per 
00 per year, occurring mainly in middle-aged and elderly 
; with a median age of 70 years at presentation. 


enesis 

rare in childhood, familial occurrences have been 
in several generations within families in the absence 
‘causative environmental agent. It seems to be less 
in individuals of African or Spanish descent. How- 
[F has also been linked to exposure to some chemi- 
d ionizing radiation, and high incidence of PMF has 
: ted in Hiroshima survivors and noted in patients 

| thorium-based radiographic contrast material. Myelo- 
mosis has also occurred secondary to chronic infections, 
tuberculosis, histoplasmosis, and even after myo- 
tact cause of PMF is unknown. Some evidence has 
that PMF originates at the level of the CD34 + hema- 
Stem cell. A defective stem cell “niche” within the 
«marrow has been postulated for PMF.* However, studies 
‘ find any significant relationship between the clinico- 
and laboratory characteristics and peripheral and 
batrow CD34* from bone marrow fibrosis patients. This 
S that some peripheral (134 + cells may originate 
Spleen rather than the bore marrow.*! 


5 abnormalities were found in as 
37% of patients with P!viF. The most common ones 
13q-, 20q-, +8, 9, 12p-, and abnormalities 


Sues 1 and 7. Alth< wh numerous JAK pathway 
been identified ; patients with PMF, no sin- 
Mutation has beci) xientified for the disease. The 
) Mutation was reported in 56% of the patients 
—. of patients with PMF had the JAK2 
@ and m; that correlated with the activation of cell 
Cells might be Telated to the abnormal trafficking of 
Dood. Then an increased ©D34* count in the periph- 
= * granulosa (V617F) mutation may constitutively 
r CD3q° =o mobilize CD34" cells. This results 

” Marrow, “ee Count, which correlates with progres 


od ~TOSis. Several other mutations have been 
Whi wi 


(Vo1 
l * 


Patients ,: CALR mutation found in approximately 

Py Munyelofibrosis. 

is are characterized by hyperprolifera- 
meee zed by ineffective erythropoiesis and 

.-YOPOiesis, suggesting that additional 
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€ May play a role in the pathogenesis of 
Use fibroblasts are not part of the clonal 


ae a 
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Process and do not share the same clonal chromosomal abnor- 
malities, it could be suggested that bone marrow fibrosis may 
be a secondary reaction. 


> ADVANCED CONTENT 


Patients with PMF also have high levels of circulating 
i cytokines, such as interleukin-6, which likely 
contribute to a hypermetabolic state and cytokine-mediated 
systemic symptoms. A number of cytokines are involved in 
the pathogenesis of fibrosis in PMF. These are all secreted 
from platelets and megakaryocytes, although in some 
instances they may also be secreted from other cellular or 
stromal sources. These include transforming growth factor B 
(TGF-B), platelet-derived growth factor (PDGF), and basic 
fibroblast growth factor (bFGF). A specific importance is 
given to TGF-B since it is capable of promoting secretions 
of type I and type III collagen. Elevated levels of PDGF 
are found in all patients with IMF and are released from 
platelets and megakaryocytes undergoing intramedullary 
death. PDGF stimulates fibroblast proliferation and col- 
lagen secretion. The bFGF moderates megakaryocyte- 
stromal cell interaction resulting in proliferation of stro- 
mal cells such as fibroblasts. In general, JAK2 (V617F) as 
well as MPLW515 mutations have been reported to affect 
cytokine signaling, survival, and G1-S cell-cycle transition 
_ through a constitutive activation of JAK-STAT signaling @ 
__ Thrombopoietin promotes megakaryocyte growth and 
_ development. However, neither mutations in the thrombo- 
poietin receptor nor autocrine stimulation of thrombopoietin 
have been shown to play a role in the pathogenesis of PMF. 
The presence of activating mutations affecting the throm- 
bopoietin receptor MPL (MPLW515L and MPLWS515K) in 
5% to 7% of PMF and 2% to 4% of ET patients is in agree- 
| ment with this assumption.” 


Clinical Findings 

PMF is a chronic progressive disorder and patients may be 

symptom-free for many years. New or increasing spleno- 

megaly is considered to be a marker of disease progression 

in PMF. One-third of PMF patients older than the age of 60 

are asymptomatic at presentation. Diagnosis is made after 

routine physical examination and the incidental finding of 
unexplained splenomegaly, abnormal peripheral blood results, 

or both. With progression of extramedullary hematopoiesis, 

splenomegaly and sometimes hepatomegaly is present. Sple- 

nomegaly related to PMF is present in 85% to 99% of patients 

at diagnosis and can be massive in about 10%. Splenomeg- 

aly related symptoms include left upper quadrant pain, earty 

satiety, and even left shoulder pain. Palpable 

is present in 40% to 70% of the cases (Fig. 19-7). Although 
hepatomegaly is found in about 50% of patients, it is not gen- 
erally excessive but may be accompanied by mild to moderate 
jaundice, ascites, or both. Portal hypertension may develop 
because of increased splanchnic flow due to splenomegaty 
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FIGURE 19-7 Hepatosplenomegaly, a characteristic finding in patients 
with idiopathic myelofibrosis with myeloid metaplasia (IMF/MM). 


and/or intrahepatic obstruction associated with extramedul- 
lary hematopoiesis in the liver (Fig. 19-8). Rapidly devel- 
oping extramedullary hematopoiesis in the liver can cause 
abnormal liver function, jaundice, portal hypertension, and 
hepatic failure. 

Metabolic consequences of myelofibrosis are fever, 
anorexia, weight loss, night sweats, pruritus, and bone pain. 
Extramedullary hematopoiesis can occur in almost any organ 
and may be manifested by lymphadenopathy, pleural or peri- 
cardial effusion, or ascites. If the central nervous system is 
involved, patients will have an increased intracranial pressure, 
altered sensorium, motor and sensory impairment, and even 
cord compression due to extramedullary hematopoiesis in the 
epidural space. Additionally, if extramedullary hematopoiesis 
oceurs within the pulmonary arterial circulation, it can result 
in severe pulmonary hypertension. 

Anemia with weakness, pallor, lethargy, and dyspnea 
is common. Approximately 10% of patients present with 
a serious bleeding problem related to thrombocytopenia 
or thrombocytosis, qualitative platelet defects, or coagula- 
tion abnormalities. Symptoms of bleeding may be as minor 
as petechiae or ecchymoses or as serious as gastrointestinal 


FIGURE 19-8 Extramedullary hematopoiesis in the liver of a patient 
with IMF. 


oe 


bleeding. Infection related to the immune 
common. Increased cellular turnover of nuel 
lead to hyperuricemia and secondary gout, 
characterized by a diffuse or patchy increase 
and increased prominence of bony trabeculae 
studies, can be seen in PMF as well and ma 
with severe bone pain. 

Investigators created the Myeloproliferatiye Neop| 
Symptom Assessment Form Total Symptom Score (WPNs ; 
TSS), a 10-item instrument designed to assess the mies " 
resentative and clinically relevant symptoms AMON patiens 
with MPN. The form records the patient’s assessment ¢ 
incidence and severity of these disease-related symptons Ts, 
tool can be used to track symptoms over time and also to vik 
subsequent management decision.” 
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Laboratory Testing and Results 

The typical peripheral blood findings in PMF are related 
both qualitative and quantitative cellular abnormalities, 4 
diagnosis, normocytic normochromic anemia is present : 
50% to 90% of patients. The cause of the anemia in P\f 
results from bone marrow failure, autoimmune hemoljs, 
ineffective or dyserythropoiesis, and from hyperspleax 
(dilutional anemia). 

With disease progression, the morphological changs 
and the classic leukoerythroblastic blood picture becos: 
more apparent (Fig. 19-9). This includes the appears 
of abundant nucleated red cells, immature granulocy 
and teardrop-shaped red cells in the peripheral ble 
(Fig. 19-10). Improvement or even normalization © 
cell morphology can happen after splenectomy. Anem3* 
a result of ineffective erythropoiesis and hemolysis Sere 
hemolytic anemia with marked reticulocytosis develops * 
15% of cases, and it is generally direct antiglobulia * 
(DAT)-negative. However, in some cases, hemolyss* 
autoimmune in nature and may be DAT-positive wi eA 
sition of immunoglobulin IgG, IgM, or complement ae 
erythrocyte surfaces. Hypochromie, microcyti¢ on 
occasionally occur secondary to gastrointestinal i 
Additionally, megaloblastic anemia with macroy™ 
neutrophils resultine 


occasionally hypersegmented cre 
relative folate deficiency may also occur due to" 

folate utilization. pout 

The leukocyte count is variable in PMF. “ vis 

t ©? g 


of cases, the white blood cel! (WBC) count *"” ol 
10°/L; in approximately 35%, the WBC count ed 
in nearly 15%, the WBC count is below noma’, ge 
kocytosis (WBC greater than 30 * 10°/L) is jeuh 
ent in 11% to 13% of patients. On the other yaa site 
can develop in 8% of patients. With diseas¢ pr axel 
increase of immature myeloid cells !s ape 2 parm 
cytosis may be extreme and mistaken for Oe in 
is typically normal, Serum levels of vitamin gaint 
but not to the degree found in untreated Ch of 
and basophilia may be found frequently 4 - 
liferative diseases. d, of i 
The platelet count may be normal, ele’ ee i 
in approximately 50% of IMF patients- me 
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me 


Pe 


ty, 000 * 10°/L at the time of diagnosis, but 
mM excess of | million are present. As 
Ses, thrombocytopenia becomes increas- 
4ant dysplastic platelets are often seen, 
ie fragments or even dwarf megakaryo- 
‘ <a the peripheral blood (Fig. 19-11). 
idlom, .. Morphology is reflected in abnormal 
AS SQ, a abnormal platelet functions present 
also Patients. Spontaneous platelet aggre- 
°F patien : The bleeding time is prolonged in 
he wt® but correlates poorly with the risk 
‘gh both thrombosis and bleeding may 


CHAPTER 19 Myeloproliferative Neoplasms Il: Polycythemia Vera 


Essential Thrombocythemia, and Primary Myelofibrosis 421 


7 a 
FIGURE 19-11 Micromegakaryocyte found on the peripheral blood 
smear of a patient with essential thrombocythemia. 


occur in PMF, bleeding is more common, especially after 
splenectomy. As expected, after splenectomy, the number of 
immature WBCs, poikilocytes, and morphologically abnor- 
mal platelets increase. 

Because of myelofibrosis, bone marrow aspirations are 
usually unsuccessful (“dry tap”). The reticulin and collagen 
fibrosis requires a needle biopsy for diagnosis. The bone 
marrow biopsy is hypercellular, with an increase in neutro- 
phils and atypical megakaryocytes in the prefibrotic phase. 
Approximately 25% of patients present with the prefibr otic 
stage of disease. A left-shift in the differential counts 


i ae ‘ ma: 
be observed without significant increase in myelobi ¥ 


asts., 
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rythroid precursors are easily found, but overall eryth- 
esis is decreased. Megakaryocytes are morphologi- 
abnormal with variations in size and “cloud-like” or 
balloon-shaped” lobulations of the nuclei. Many naked 
‘aryocyte nuclei can also be seen. Reticulin fibrosis 
inimal in the prefibrotic phase. In the fibrotic phase, 


atopoiesis are separated by regions of loose connec- 
‘tissue or fat. Reticulin fibrosis can be prominent with 
islands of residual hematopoietic precursors. Atypical 
often occur in clusters, sheets, or within 
Sinuses. Additionally, thickening of the bony tra- 
(osteosclerosis) may be seen. Grading the bone 
frow fibrosis allows a better classification and catego- 
ization of patients related to their prognosis. Examples 
‘of cases with different degrees of fibrosis are shown in 
Figure 19-12 .* 
Platelet dysfunction can cause hemostatic complications. 
ents occasionally demonstrate prolonged PT and TT, as 
as elevated levels of fibrin degradation products (FDP) 
teduced levels of factors V and VIII. These findings, 
ticularly with a low platelet count, indicate the presence 
eminated intravascular coagulation (DIC). Extra- 
hematopoiesis in the liver may result in hepatic 
function, which certainly contributes to the coagulation 
normalities (DIC, enhanced fibrinolysis). Hyperuricemia 
_ elevated liver enzymes are found in one-third of the 


F patients. 

ic abnormalities are present in approximately 
at diagnosis, and this rate increases to approx- 
f after leukemic transformation. Chromosomal 
; are less frequent in younger patients, which 
ar better prognosis. Common findings include 
fisomy 8 and abnormalities of chromosomes 
or partial loss of chromosomes 5, 7, 
5 ed with the treatment of PMF patients with 
erapy. Although no specific cytogenetic abnormality 
ostic for PMF, JAK2 (V617F) is found in 20% to 40% 

ts with PMF. 
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Differential Diagnosis 

PMF must be distinguished from other diseases within 
the spectrum of the MPNs, as well as differentiated from 
fibrosis secondary to infiltrative disorders (see Table 19-1 
and Box 19-2). 

As discussed before, the prefibrotic stage of PMF clin- 
ically mimics ET. However, CML is considered most fre- 
quently in the differential diagnosis of PMF. In chronic 
cases of CML, there is marked leukocytosis, whereas in 
PMF, the WBC count is usually less than 30 < 10°/L. Red 
cell morphology in CML is generally normal or may show a 
slight amount of anisocytosis and poikilocytosis compared 
with the significant teardrop poikilocytosis in PMF. The 
presence of the Ph chromosome and low LAP score are 
the strongest differentiating features that distinguish CML 
from PMF. Although differentiation of PMF from CML 
is not difficult, in rare atypical cases such as Ph-negative 
CML, it may be virtually impossible to differentiate from 
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FIGURE 19-12 Histopathology of the bone marrow in idiopathic 
myelofibrosis. A. Early hyperplastic state without fibrosis. B. Advanced 
stage with a conspicuous increase in reticulin fibers, a still hypercelul 
marrow, and alymphoid infiltrate (arrows). C. Late osteosclerotic st 
with endophytic bone formation, a residual cluster of hematopoiess 
and large areas of fatty tissue. D. Moderate degree of reticulin fibess ; 
surrounding atypical megakaryocytes in early IMF. E. Coarse bundles 
obvious collagen fibers encompassing a few hematopoietic elements 
in terminal stages of IMF. F. Clusters of pleomorphic megakaryocye 
displaying an abnormal maturation and mitosis (arrowhead). A 
nification X140; D-F, X350. A-C and F periodic acid—Schiff (PAS) 8 
D and E, Gomori's silver impregnation. (From Thiele J, et ane 
myelofibrosis-osteosclerosis, agnogenic myeloid metaplasia. AN 
Res. 1989;9:430, with permission 


PMF with leukocytosis and ante 
phase of PMF). Approximately 15% to 20% © 
with known PV undergo a transition to termina and 
brosis with marked anemia, bone marrow fibros!* ; 
gressive splenomegaly. es 0 
PMF must be differentiated from s¢ 
myelofibrosis. Box 19-2 lists marrow <— onal 
infiltrative disorders and conditions secondary ae pose 
disorders. The presence of tartrate resistant Bi je Li 
(TRAP)-positive lymphocytes in the marrow Hows OF 
blood is typical of hairy cell leukemia 4 “ffs? A 
tiation from PMP. Multiple myeloma wr urine oot 
plasmacytosis and the presence of serum v yelodey 
nal protein is easily differentiated from PM oe jfter™ 
(MDS) with marrow fibrosis can be difficult 
from PMF. However, the marked splen 


omegaly * ps 
are indica? 
lary hematopoiesis, and osteosclerosis 4° i 
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Myeloproliferative Disorders 


myelogenous leukemia 


themia vera 

thrombocythemia 
myeloproliferative disorders 

to infiltrative Disorders 

static carcinoma 

ogic malignancies involving bone marrow 
emia 

dysplastic syndromes (preleukemia) 

-ell leukemia 

Hodgkin's lymphoma 


10 Nonmalignant Conditions 
omatous disorders 


c exposure to chemicals 
o-and hyperparathyroidism 
D deficiency 

tu erythematosis 
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apy in PMF is to improve cytopenia and to 
splenomegaly. Treatment of PMF usually 
Of cytotoxic agents to control thrombocy- 
Osis, and to improve splenomegaly. Mul- 
been utilized to control this progressive 


fs ING QUESTION. 
Plenomegaly so common in PMF patients? 


‘CED CONTENT 


On average doses of 500 mg twice a day, 
; “cing spleen size and control of thrombo- 
cian evtosis Treatment with hydroxyurea 
aoe With Worsening of anemia, which in 
hi fan be ameliorated by the concomitant 
; “Poletin, However, potential leukemoge- 
n Yurea is a big concern, Interferon-alpha 
e ported to have a hematologic response in 
Ye patients, Etanercept, a tumor necrosis 
fas ay, T, Was also promising in a pilot study. 
i Bion, response to the treatment with 
€sterone and oxymetholone). 


CHAPTER 19 Myeloproliferative Neoplasms Il: Polycythemia Vera, Essential Thrombocythemia, and Primary Myelofibrosis 423 


Many patients with severe anemia require transfusion 
Support. The use of erythropoietin has not generally been 
Successful in patients with PMF, although some regressions 
have been reported in those with low erythropoietin levels. 
Rare patients with PMF have developed autoimmune hemo- 
lytic anemia that may respond to steroids and, occasion- 
ally, cyclosporine. Thalidomide has also been reported to 
have beneficial effects in some patients, improving anemia 
and thrombocytopenia, perhaps through its anti-TNF activ- 
ity. Minimal to moderate activity has been seen in reducing 
splenomegaly. 

Splenectomy is an option for patients with symptoms 
related to splenomegaly, such as left upper quadrant discom- 
fort, transfusion-dependent anemia, refractory thrombocy- 
topenia, hypercatabolic symptoms, or portal hypertension. 
However, the operative mortality can be significant, and 
postoperative thrombocytosis can occur leading to postop- 
erative thrombosis and decreased survival. Blast transfor- 
mation following splenectomy has been reported. Splenic 
irradiation can provide transient benefit and symptom- 
atic relief for patients who are poor surgical candidates. 
However, it must be done carefully in low doses because 
it can occasionally be associated with severe and irrevers- 
ible pancytopenia. Allogeneic stem cell transplantation 
remains the only curative treatment modality for PMF at 
present; unfortunately, it is often precluded by the patient’s 
advanced age, other comorbidities, and lack of available 
donors. 


> ADVANCED CONTENT 


At the present time, a sustained disease-modifying activity 
or durable remissions are not seen in PMF with the cur- 
rently approved JAK inhibitors.*? Therefore, it is crucial 

| to improve the existing understanding of the disease and 
treatment-resistant mechanisms in PMP; research efforts 
are ongoing to develop novel JAK inhibitors or drugs 
with distinct mechanisms of action that offer a better side 

effect profile and tolerability in patients.“ According to 
the National Comprehensive Cancer Network, existing 
guidelines for the treatment of patients with myelofibrosis 
are based on risk of death as well as symptom and signs. 
Patients who are determined to be higher risk should be 

_ referred to transplant. For those who are not candidates 
for transplant, JAK inhibitors or a clinical trial are recom- 
mended. Patients who are lower risk and asymptomatic 
should undergo observation or consider a clinical trial, 
while those who are lower risk and symptomatic should 
consider a clinical trial, ruxolitinib, ropeginterferon a-2a, 
or hydroxyurea. 

To improve survival in PMF, transplant (allogenic stem 
cells) is the best choice of treatment. Eligibility for trans- 
plant is judged by a comprehensive prognostic scoring 
system, MIPSS70 (Mutation-Enhanced International Prog- 
nostic Score System), which is based on mutations, cytoe.. 
netics, and clinical factors. pie 
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Myeloproliferative neoplasms (MPNs) arise from a 
malignant transformation of a single multipotential 
stem cell that is committed to differentiation of granu- 
locytes, erythrocytes, and platelets. 


MPNs are grouped together because of shared char- 
acteristics, the most important being panhyperplasia 
of the bone marrow, extramedullary hematopoiesis, 
bone marrow fibrosis, and predilection for leukemic 
transformation. 


Elevation of the hematocrit (above 58% in males and 
above 52% in females) is the most important hallmark 
of polycythemia vera (PV). 

Elevated red cell mass, splenomegaly, decreased 
erythropoietin, normal arterial oxygen saturation, and 
increased leukocyte alkaline phosphatase (LAP) are 
other important features of PV. 

90% of patients with PV have a mutation (V617F) in 
the JAK2 gene resulting in activation of downstream 
pathways (STATS). 

Approximately 15% to 20% of patients with PV will 
enter the spent phase with marrow fibrosis, worsening 
splenomegaly, and pancytopenia. 

Treatment of PV involves therapeutic phlebotomy or 
use of cytotoxic myelosuppressive agents, or a 
combination of both. 

Increased secretion of erythropoietin has been im- 
plicated as the stimulus responsible for all cases of 
secondary erythrocytosis. 

The arterial oxygen saturation is often decreased in 
patients with secondary erythrocytosis. 

Relative erythrocytosis occurs when there is depletion 
in circulating plasma volume (causing increased 
hematocrit but normal red cell mass), and it is often 
seen in patients with dehydration. 

Familial polycythemia is the result of mutations in 
the erythropoietin receptor or mutations in the oxygen 
sensing pathway regulating erythropoietin production 
(Chuvash polycythemia). 


The platelet count is markedly elevated 
thrombocythemia (ET), often to more 
1,000 < 10°/L. 

Hemorrhage and thrombosis caused by dysfunc 
platelets, splenomegaly, erythromelalgia_ and ce 
logical manifestations are clinical features of ope 
ET must be differentiated from the Many causes : 
reactive thrombocytosis. 

Symptomatic patients or high-risk patients should 
receive cytoreductive therapy with hydroxyurea, 
All patients with platelets < 1,000,000/uL Should 
receive aspirin if they have no antecedent 

history of bleeding. 
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Important features of primary myelofibrosis (PM) 
are anemia with teardrop poikilocytosis, leukoeryth. 
roblastic blood picture, marked bone marrow fibrosis. 
splenomegaly, and variable but often elevated platele: 
counts. 


Cytokines secreted by megakaryocytes and platelets 
stimulate bone marrow fibroblastic proliferation 
in PMF. 


Giant, bizarre platelets and micromegakaryocytes 
(dwarf megakaryocytes) may be seen in the peripheral 
blood in PMF. 

Progressive disease is manifested by extramedullary 
hematopoiesis with increasing splenomegaly, hepato- 
megaly, weight loss, cachexia, portal hypertension, and 
pancytopenia. 

Hydroxyurea may be helpful in controlling splenomez- 
aly, leukocytosis, and thrombocytosis but does not alter 
the natural history of the disease. 


Splenic radiotherapy and splenectomy may be helpful 
in carefully selected patients 

Allogeneic bone marrow (or allogenic stem cells) 
transplant remains the only curative treatment. 


_old man presented with complaints of increasing 
night sweats, shortness of breath, easy bruising, 
Bei of 10 days’ duration. The patient had lost about 

a Rec: 6-month period and noted early satiety, On 
ical examination, he was pale, underweight, and had 
_physt of 103°F. Massive splenomegaly, moderate hepato- 
eas and pulmonary congestion were noted. Purpuric 
eer ‘were present on the upper extremities, 


oe laboratory studies disclosed the following values: 
soon punt: 30.5 X 10°/L; RBC count: 2.9 X 10"/L; Hg: 

vs gidL: Het: 25.8%; MCV: 89 fL; MCH: 28.6 pg; MCHC: 
; platelet count: 650 X 10°/L. The differential count 
vealed 45% segmented neutrophils, 6% band neutrophils, 
Jymphocytes, 9% monocytes, 3% eosinophils, 3% 
, 4% metamyelocytes, 3% myelocytes, 2% pro- 
es, 5% “dwarf” megakaryocytes, and 15 nucleated 


> 


teardrop red cells, polychromasia, and basophilic 
g. Platelet number was increased, and platelet mor- 
was abnormal as evidenced by the presence of 
at platelets and hyper- and hypogranulated platelets and 
aryocytic fragments. Other laboratory tests included 


LDH, 3054 U/L; uric acid, 13.2 mg/dL; stool occult 
negative; Ph chromosome, negative; and direct anti- 
test (DAT), negative. A bone marrow aspirate was 
ed several times but was unsuccessful because of a 
ap. The bone marrow biopsy revealed trilineage hyper- 
a with many clumps of dysplastic atypical megakary- 
Extensive fibrosis was also noted. Bacterial and 
one marrow cell cultures were performed, and all 


he diagnosis of primary myelofibrosis with myeloid meta- 
‘was based on the classic findings of leukoerythro- 
‘4nemia, marked splenomezaly, thrombocytosis with 
Ng megakaryocyte precursors, teardrop erythro- 
and increased fibrosis © the bone marrow. Chronic 
fnous leukemia was cx-luded because the majority 
Patients have the Philadelphia chromosome, a low 
€r proportion of myelocytes and myeloblasts, 
i 2 Matrow showing predominantly granulocytic 
om In addition, the red cell morphological changes 
vel er teardrop red cells) are more prominent in 
fp - 1s, 
ton pu known PV, 15% to 20% undergo a Cae 
a this dia,” however, because there is no prior history o 
Misease can be ruled out. Granulomatous disorders 
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ie ites a be excluded by careful scrutiny of 
Anltereaaed i a the negative microbiologic cultures. 
ni platelet count and marked proliferation of 

Ie megakaryocytes would be highly unusual in acute 
leukemia. 

Another disorder considered in differential diagnosis is 
essential thrombocythemia (ET). Again, these patients rarely 
show the red cell abnormalities associated with fibrosis in 
the marrow and splenic hematopoiesis, and the bone mar- 
Tow is easily aspirated. The platelet count in ET is almost 
always greatly elevated, often greater than 1,000 X 10°/L, 
and immature granulocytes are rarely prominent. 

Hydroxyurea was administered to this patient and con- 
tinued over the course of | year. Blood transfusions were 
required every 3 to 4 weeks to counteract the impending 
anemia. Androgen therapy (danazol) was also initiated, The 
patient’s condition gradually worsened, and it was evident 
that the chemotherapy was only mildly effective in decreas- 
ing splenic size. Splenectomy was performed in an attempt 
to ameliorate his anemia and relieve the constitutional 
symptoms of splenomegaly. 

Four years after initial presentation, this patient devel- 
oped acute myelogenous leukemia and underwent a rap- 
idly progressive fatal course. This case illustrates a typical 
course of myelofibrosis. The median survival is approxi- 
mately 5 years, and treatment often has little effect in pro- 
longing the survival. 


QUESTIONS 

1. Referring to the WBC differential, is a “left shift” 
evident in this case? Why or why not? 

2. Give reasons why the bone marrow aspirate resulted in 
a “dry tap” in this case. 

3. What is the significance of the teardrop red cells? 


ANSWERS 
1. Yes. Evidence of a “left shift” in the WBC differential 


is indicated by the presence of 4% metamyelocytes, 
3% myelocytes, and 2% promyelocytes. 

2. A“dry tap” occurred during the bone marrow aspi- 
ration procedure done on this patient because of the 
extensive fibrosis that is a hallmark feature of myelo- 
fibrosis. The reticulin and collagen fibers that cause 
fibrosis form a tight network, locking in the marrow 
contents. As a result, the bone marrow sinusoidal blood 
is not aspiratable. 

_ The teardrop cells are significant because they correlate 
with bone marrow fibrosis. The teardrop shape of the 
red cell occurs as the cell passes through the narrow, 
fibrotic sinusoids of the bone marrow and spleen. 
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CASE STUDY 19-2 


A 58-year-old white man was admitted to the hospital with 
pain and swelling of the left arm suggestive of thrombo- 
phlebitis. He had presented to his physician 2 days earlier 
with complaints of pounding headaches, blurred vision, 
tinnitus, and generalized pruritus, especially after bathing. 
The patient had been treated for gout for the past 2 months. 
Family history is unremarkable for any hematologic disor- 
ders. The patient is a nonsmoker. 

On physical examination, the patient’s face appeared 
flushed, and the retinal veins were engorged. Several ecchy- 
moses were apparent on the legs. The spleen tip was palpa- 
ble three fingerbreadths below the costal margin (indicating 
moderate splenomegaly). No hepatomegaly or lymphade- 
nopathy was observed. 

A complete blood count revealed the following values: 
WBC count: 20.3 X 10/L; RBC count: 7.53 X 10”/L; 
Hgb: 18.2 g/dL; Hct: 58.0%; MCV: 77 fL; MCH: 24.2 pg; 
MCHC: 31.4%; platelet count: 710 X 10°/L. The differential 
count demonstrated 80% segmented neutrophils, 8% band 
neutrophils, 9% lymphocytes, and 3% monocytes. Red cell 
morphology was consistent with a microcytic, hypochromic 
classification. 

Subsequent investigations were undertaken as part of the 
diagnostic work-up of the erythrocytosis. Determination of 
the red cell mass (utilizing the *'Cr dilution method) was 
performed and found to be 41 mL/kg (normal male is 
36 mL/kg or less). The plasma volume was 40 mL/kg. 
Arterial oxygen saturation was 94%. The serum iron 
was 30 mcg/dL (normal is 50 to 170) and total iron bind- 
ing capacity (TIBC), 460 mcg/dL (normal is 250 to 450). 
Serum vitamin B,, was 925 pg/mL (normal is 205 to 876), 
and vitamin B,,-binding capacity was 2,600 pg/mL (normal 
is 1,000 to 1,022). The LAP score was 198, and the uric 
acid determination was 10.3 mg/dL. A bone marrow exam- 
ination revealed 95% cellularity, with panhyperplasia and 
many large megakaryocytes. Iron stores were absent, and 
the reticulin content was slightly increased. 


COMMENT 

Several findings in the history and physical examination 
suggest a presumptive diagnosis of PV. The nonspecific 
symptoms of headache and blurred vision are a result of 
cerebral circulatory disturbances caused by hyperviscos- 
ity. Thrombotic episodes, such as the phlebitis recorded in 
this patient, are vascular manifestations resulting from the 
thrombocytosis in conjunction with the hyperviscosity and 
increased blood volume. The facial plethora and engorged 
retinal veins are findings associated with conjunctival and 
mucosal blood vessel congestion. Generalized pruritus 
occurs in 30% of patients with PV and is related to hyperhis- 
taminemia. The lack of cardiac or respiratory abnormalities 
and the presence of normal arterial saturation are helpful 


in ruling out secondary erythrocytosis. The splen 
noted is a frequent finding in myeloproliferatiye 

The most important clinical findings Supportive a 
the elevation of the Hgb and Hct, increased req pe Van 
and normal plasma volume. Further, evidence of fh 
involvement, leukocytosis, and thrombocytosis, jn pe 
to erythrocytosis and bone marrow panhyperplasia, Per. 
suggests a diagnosis of PV. Abnormal elevation of the 
min B,, and B,,-binding proteins, uric acid, and bie 
consistent with a myeloproliferative process and are he} - 
in establishing a diagnosis of PV. The low serum tae 
absence of iron stores indicate concomitant iron deficiens 
In most patients, this is attributed to occult Sastrointesting 
blood loss and defective platelet function. 

This patient fulfills all the diagnostic criteria for Py ,, 
forth by the WHO. Because this 58-year-old patient has » 
elevated Het and platelet count and is symptomatic (thro. 
bophlebitis), both phlebotomy and myelosuppressive the. 
apy were initiated. Colchicine and allopurinol were used 
control the gout experienced by this patient. Pruritus was 
a persistent complaint despite the management of erythn- 
cytosis by phlebotomy and hydroxyurea. Cyproheptadine 
was prescribed and found to be successful in controlling the 


pruritus. 


QUESTIONS 

1. What laboratory parameters listed in this case indicates 
microcytic, hypochromic process? 

2. If an erythropoietin level were ordered on this patient 
would the expected result be normal, increased, of 
decreased? 

3. What is the reason for the splenomegaly in this patient! 


ANSWERS 
1. The following red cell parameters indicate a microcy* 
ic, hypochromic process in this patient: MCV, 77 fs 


MHC, 24.2 pg; MCHC 31 4%. Iron deficiency causes 
this process and results from the tremendous increas 
of iron required for the excessive erythropoiesis se" : 
PV and is often complicate: by blood loss. 

2. The expected erythropoietin level in this patient \ 
be decreased, indicating autonomous production al 
cells by the bone marrow. This is a particularly on 
effective diagnostic tool for differentiating PV Me 
other secondary and relative causes of erythrooy™ 
Greater than 95% of patients with PV exhib the J 


: silk 
. a agno> 
mutation (V617F), making this a very useful dia2 


test as well. th 

3. The characteristic mild to moderate splenomeet é 
in individuals with PV is attributed to extra 
hematopoiesis. Splenic enlargement is see? ina 
75% of patients and is an important finding- 


ould 


this 35-year 
on routine phys 
yes were ™ 
occasional ep 
ve a rout! 
3 months and, d 


asym) : i 
a by her physician with complaints of dizziness, 


- a] disturbances, and erythromelalgia. She had also had 
ari dental surgery and experienced a major periopera- 
tive bleeding episode. Mild pruenomseely was noted. Her 
platelet count was 2,500 X 10°/L. Other laboratory values 
were as follows: WBC count: 18.5 X 10°/L; Het: 28.5%; 

rolonged bleeding time; reduced platelet adhesion; and 
defective platelet aggregation with epinephrine. Bone mar- 
row biopsy demonstrated megakaryocytic hyperplasia with 
massive platelet clumping. Erythroid and myeloid hyper- 
plasia, as well as a mild increase in reticulin content, were 
also observed. 

Plateletpheresis was performed to rapidly reduce the 
marked thrombocytosis. The patient was treated with the 
myelosuppressive agent hydroxyurea in dosages varying 
from 1 g/day to 500 mg five times per week, depending 
on the platelet counts. The bleeding and vaso-occlusive 
symptoms were resolved, and coagulation abnormalities 
were corrected. Close follow-up is necessary for this patient 
to ensure a continued beneficial clinical and laboratory 
Tesponse. 

COMMENT 

This case highlights the common findings in essential 
thrombocythemia (ET); namely, marked increased platelet 
Counts, thrombohemorrhagic events, splenomegaly, and 
bone matrow megakaryocytic hyperplasia. Although this is 
Primarily a disease of upper-middle-age (50 to 70 years), 


a : : : : 
ieee Population of younger, predominantly female 
nts exists, Two-thirds of patients are asymptomatic, as 
iS patient initially. With the advent of automated cell 
atic ty that Toutinely generate platelet counts, asymptom- 


Bee being discovered more frequently. 
Of the most Beek note in this patient represents one 
Prolonged ee etic vaso-occlusive manifestations. 
Inding Elatca « ing after trauma or surgery is a common 
0 platelet dysfunction. 
below Logo tomatic young patient with platelet counts 
Uppre: © 1,500 x 10°, it is advisable to withhold 
for y SSive therapy, because these patients do well 
Bery wees oald Untreated. When a patient requiring sur- 


bemortha a 


nts wi ; 
gic With markedly increased platelet count and 
Complications, plateletpheresis will lower the 
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platelet count dramatically. In addition, myelosuppression 
1S necessary to control the hyperproliferative process. 
Causes of reactive thrombocytosis, such as iron defi- 
ciency anemia, malignancy, inflammatory disorders, sple- 
nectomy, and so on, are generally easy to exclude based 
on the clinical and hematologic features of the individual 
patient. To reliably exclude the other chronic MPNs, the 
WHO guidelines should be followed. To distinguish a 
patient with ET from an iron-deficient PV patient, serum 
iron, TIBC, ferritin, and bone marrow iron stains are usually 
sufficient, A trial of oral iron is rarely required. In patients 
with anemia, splenomegaly, thrombocytosis, and leukocy- 
tosis, the presence of the Ph chromosome is unequivocal 
evidence of CML. 

The outlook for long-term survival in ET is encourag- 
ing as long as appropriate measures are taken to minimize 
thrombohemorrhagic complications. Many patients can tol- 
erate markedly increased platelet counts for years without 
any complications. The introduction of plateletpheresis has 
allowed dramatic response in life-threatening or urgent sur- 
gical situations. In addition, hydroxyurea has proved to be 
an effective chemotherapeutic agent. 


QUESTIONS 

1. Why did this patient experience a major periopera- 
tive bleeding episode when her platelet count was 
2,500 X 10°/L? 

2. Erythromelalgia can progress to what clinical 
manifestation? 

3. What is the reason for the megakaryocytic hyperplasia 
seen in the bone marrow biopsy? 


ANSWERS 

1. Although the platelet number is elevated in ET, the 
platelets function abnormally. Severe thrombocythe- 
mia (greater than 1,500 X 10°/L) can be associated 
with deficiency of the large von Willebrand multimers 
and resulting hemorrhage. Besides abnormal platelet 
function, hemorrhage in individuals with ET has been 
attributed to thrombosis with infarction, ulceration of 
the infarction, and subsequent bleeding. 

2. The erythromelalgia of the toes, feet, and fingers seen 
in ET patients can progress to cyanosis and/or necrosis 
of the extremities. This toxic effect is caused by the 
metabolites of platelet arachidonic acid. 

3, The megakaryocytic hyperplasia of ET results from a 
neoplastic clonal disorder of multipotential stem cells, 
which gives rise to excessive numbers of circulating 
platelets. This disease can be contrasted with the vari- 
ous disorders that can be associated with a reactive or 
nonneoplastic thrombocytosis. 


428 


1. What is the origin of myeloproliferative neoplasms? 
a. 
b. 


2. 


eS 


REVIEW QUESTIONS 


c. 
d, 


PART3 White Blood Cell Disorders 


Fibroid infiltration of major organs 


Neoplastic transformation of multipotential stem 


cells 
Widespread deterioration of cellular function 
Splenic sequestration of normal blood cells 


Which myeloproliferative neoplasm is Ph(+)? 


a. 
b. 
c 
d. 


Polycythemia vera 

Chronic myelogenous leukemia 
Essential thrombocythemia 
Primary myelofibrosis 


- Which condition would present with increased Hct 


values, but normal RBC? 


a. 


Polycythemia vera 


b. Relative erythrocytosis 


Cc. 


Secondary polycythemia 


d. Essential thrombocythemia 


. Increased EPO levels are seen in which of the following? 
a. 


Polycythemia vera 


b. Relative erythrocytosis 


Cc. 


Secondary polycythemia 


d. Absolute erythrocytosis 


10. 


11. 


. The most striking peripheral blood fitd 


. Which of the following findings align wit 


themia vera is Mt Polycy. 
a. Increased RBCs 

b. Increased basophils 

c. Increased monocytes 

d. Decreased RBCs 


hadi 
of essential thrombocythemia? "ARNosi 


a. Plt count less than or equal to 450 x 10%L 
b. BM biopsy showing proliferation of m 
c. Presence of JAK2 

d. Meeting WHO criteria for other myeloid Neoplasms 


yeloblasts 


What is the safest and least expensive treatment for 
patients with polycythemia vera? 

a. High altitude 

b. Decrease of iron levels 

c. Therapeutic phlebotomy 

d. Decrease of erythropoietin levels 


Which is a complication of essential thrombocythemia? 
a. Skin rash 

b. Splenomegaly 

c. Thrombosis 

d. Neuropathy 


5. Which of the following is the most common complica- 
tion in polycythemia vera? 12. Which of the following is a laboratory finding consis. 
a. Myocardial infarction tent with the diagnosis of essential thrombocytosis? 
b. Itching a. Thrombocytopenia 
c. Gout b. Thrombocytosis 
d, Thrombosis c. Leukocytopenia 
6. What are the laboratory findings in polycythemia vera? d. Decreased RBCs 
a. Decreased hematocrit; increased RBCs and granulo- 13. The hallmark clinical finding in primary myelofibrosis 
cytes; decreased platelets is which of the following? 
b. Increased hematocrit; increased RBCs, granulocytes, a. Splenomegaly 
and platelets b. Bruising 
c. Normal hematocrit; normal RBCs; increased granu- c. Weakness 
locytes and platelets d. Pallor 
d. Increased hematocrit; increased RBCs; decreased 14. Which of the following abnormally shaped RBCsis 
granulocytes and platelets f -oReeae ing 
ound in primary myelofibrosis 


7. What is the expected erythropoietin value in polycythe- 
mia vera? 


a. Normal 


b. Increased 


a, Helmet cells 
b. Target cells 
c. Schistocytes 
d. Teardrop cells 


c. Decreased 
d. Variable 
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MDS With Single Lineage Dysplasia 


Diagnostic Challenges 


Cytogenetic and Mol 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 

20-1 Summarize the clonal nature and stem cell origin of 
myelodysplastic syndromes (MDS). 

20-2 

20-3 


Detail the clinical findings seen in patients with MDS. 


Explain the revised International Prognostic Scoring 
System (IPSS-R). 

Recognize the morphological features of MDS on 
examination of blood and bone marrow smears. 


Differentiate the subtypes of MDS based on the World 
Health Organization (WHO) classification. 


20-4 


20-5 


yelodysplastic syndromes (MDS) are a heterogeneous 

group of clonal hematologic malignancies characterized 
by peripheral blood cytopenias, ineffective hematopoiesis, 
dysplastic blood cells, and a propensity to transform into acute 
leukemia. MDS were first described in the 1930s as preleu- 
kemic anemia. In 1982, the French-American-British (FAB) 
Morphology Cooperative Group classified these syndromes 
into five distinct entities according to specific morphological 
criteria. The World Health Organization (WHO) modified this 
classification, incorporating biological, cytogenetic, and mo- 
lecular features that help better categorize these disorders.' The 
WHO classification is presented in detail later in this chapter. 
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Myelodysplastic Syndromes in Children 


Reactive Causes of Dysplasia 


ecular Findings 


Without Morphological Dysplasia 
MDS With Hypoplast 


ic Marrow 


List the ancillary laboratory studies helpful in 
diagnosing MDS. 

20-7 Differentiate between de novo and therapy-related 
MDS. 


Name benign conditions that can share cellular 
features with MDS. 


20-8 


20-9 
20-10 


Contrast supportive vs. curative therapies for MDS. 


Describe a myelodysplastic/myeloproliferative 
disorder. 


ah. 
‘ents with MDS 1s 8 


The clinical outcome of pa - 
ranging from relatively benign conditions that do not ne 
therapy to rapidly progressive diseases associated ‘ee , 
poor prognosis, The only curat t for we ae 
geneic stem cell transplantati: 2 
able to only a minority of pati 
has historically been support 
recting some of the defective pathways Inv tien 
genesis of MDS might offer new hope for rls T. 
This chapter summarizes the current knowl 
pathogenesis, clinical features, and treatment of soy n° 
sizing the role of the laboratory investigation 9 al 


— 


ve treatmen 
: therapeutic modal e 

ts. The mainstay of 

» care, but drugs aimed #! e 

olved in the P 


n, 
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{ hematologic disorder. A listing of the mutations? These age-related mutations occur as somatic 


7 + re) + . s us ¢ 
of this imfronyms and SN a ed throughout the mutations, meaning they are acquired in individual cells that 
comme presented yor ; may then undergo clonal expansion but are not present in 

ee the germline and cannot be inherited. Additional risk factors 


jology: Etiology, and Pathogenesis have been associated with the development of MDS, such 

pidem ‘nantly affects the elderly, with a median age as exposure to environmental and occupational products, per 

ys P a wars old and an incidence of at least 20 per ticularly benzene and cigarette smoking.’ Benzene, which 

onset of 7 tits over 70.! MDS occurs at a lower fre- |S processed in vivo to hydroquinone, induces damage to 
in 


100.00" vounger adults and children. Men are slightly more hematopoietic progenitor cells that may lead to MDS. MDS 
in can also occur as a late complication in patients treated with 


en with the excepti 

ent Bee - = Bie oC MpS chemotherapy or radiation therapy that may induce mutations 
with isolated coe 5 % in hematopoietic progenitor cells; in this case, it is referred to | 
s and precursor States: Clonal Proliferative as therapy-related MDS (t-MDS). | 
I eses ; 3 A number of familial syndromes including bone marrow | 

«nificant progress has been made in understanding the _ failure syndromes are also associated with increased risk of 

S ular pathogenesis of de novo MDS, where certain MDS, both because of decreased ability to repair genetic dam- 
mole? occurring in hematopoietic stem cells may attain _age, such as in Fanconi Anemia, but also because of the use | 


tations : ; « | 
=. survival advantage and become a small and persistent —_ of cytotoxic therapies.'* Whereas most cases of MDS arise | 


pulation, sometimes years before a hematologic _ with a background of age-related or therapy-induced somatic 
ises. Often these mutations occur in regions _ mutations, germline mutations in a number of the same genes, 
of the genome that confer no change in the cell’s matura- such as RUNX1, DDX41, or ANKRD26, may lead to a familial 
tion. function, Or proliferation. These clones may quickly _ predisposition to MDS and AML.'* These cases of MDS are 
disappear. Occasionally a mutation may confer a survival termed “myeloid neoplasms with germline predisposition” in 
advantage or induce cell proliferation. As those populations the WHO Classification. 
accumulate additional mutations over time that result in 
further increased proliferation, aberrant maturation or func- 
tion, and resistance to cell death, preferential expansion of - 

al populations can lead to disruption of normal 
ame (Fig. 20-1). eR > ADVANCED CONTENT 


With the identification of clonal mutations associated with MDS and Precursor States: Clonal Proliferative 
myeloid neoplasms in up to 10% of elderly patients, the clear- Diseases 
est risk factor for MDS is this age-related accumulation of As high throughput sequencing approaches, such as mas- 


sively parallel sequencing (also known as next generation 
sequencing or NGS), have become more common, shared 
somatic mutations have been identified between patients 
with no clinical findings, those with cytopenias without 
morphological or cytogenetic findings of MDS, and patients 
with MDS. Cases where patients have somatic mutations 
in genes that are otherwise seen in MDS or other myeloid 


Common Acronyms and Abbreviations 
Related to Myelodysplastic Syndromes 


* alloSCT allogeneic stem cell transplant neoplasms but have no peripheral blood cytopenias and no 
: AML —acute myeloid leukemia findings to support a myeloid neoplasm are termed clonal 
eer scire myeloid leukemja with myelodysplasia hematopoiesis of indeterminate potential (CHIP). As 
z oa ; Re with MDS, CHIP is significantly more common in elderly | 
* CHIP penias of uncertain significance individuals due to age-related acquisition of somatic muta- | 


aah ~dlonal hematopoiesis of indeterminate potential 
Classification - French American British classification 
~fluorescence in situ hybridization 
, ae international prognostic scoring system 
~ Myelodysplasti e 
; oo lodysplastic syndrom 


tions. The risk of the hematopoietic clones in these patients | 
expanding and/or acquiring additional mutations and 
thereby progressing to disrupted hematopoiesis and a true 
myeloid neoplasm depends on the size of the existing clone, 


A N ~Myelodysplastic/myeloproliferative neoplasm but it is thought to be roughly 10 times higher than the risk 
. WDeaL 7 M¥elodysplastic syndrome with excess blasts of myeloid neoplasia in a patient without CHIP? . Still, the 
ibs 7 Myelodysplastic syndrome with multilineage majority of patients with CHIP do not develop a myeloid 
neoplasm, The stronger clinical significance in CHIP is an 

* MDs. ~ Myelodysplastic syndrome with ring sideroblasts increased cardiovascular risk, which may be mediated by 

Yysplasia Myelodysplastic syndrome with single lineage altered inflammatory responses.* 

2 Bo Dext generation : Patients with persistent cytopenias without another etiol- 
; Stestment-related mos ogy and no other evidence of myeloid neoplasia, including 


i , no significant dysplasia or cytogenetic findings, are terme 
Cation ~ World Health Organization classification Pa med 
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FIGURE 20-1 This schematic shows an example of the progression from clonal hematopoiesis of indeterminate potential (CHIP) to MDS and AML. CHIP 
may serve as a precursor state for hematological malignancies and in some cases to MDS or AML. Mutations that do not drive clonal expansion are shown 
either subsiding or persisting in a small percentage of hematopoietic cells (refer to colored circles indicating background mutations unrelated to hema 
topoietic expansion). Early mutations that drive clonal expansion (orange circles) appear in a larger hematopoietic clone and are shown subsequently 
acquiring additional mutations that lead to aberrant hematopoiesis (see mutations listed to the right under the orange circle). Cooperating mutations 
{listed to the right) that contribute to disease are represented by the red and blue circles. Adapted with permission from Steensma, D.P,, Bejar, R, 
Jaiswal, S., Lindsley, R. C,, Sekeres, M. A., Hasserjian, R. P., & Ebert, B. L. (2015). Clonal hematopoiesis of indeterminate potential and its distinction from 


myelodysplastic syndromes. 


* Dysplasia 
* Risk of leukemic 
transformation 


MDS 


Risk of 
progression 


FIGURE 20-2 The relationship between CHIP, clonal cytopenias of uncer- 
tain significance (CCUS), and MDS are shown in this Venn diagram. All three 
entities are characterized by clonal molecular changes, but the presence or 
absence of cytopenias and dysplasia is needed to classify cases as CCUS or 
MDS. Both CHIP and CCUS show a risk of progression to MDS. 


to have clonal cytopenias of undetermined significant 
(CCUS). The mutational profile of CCUS may show mut 
tions in more genes and often larger clones than CHIP Tee 
findings in CCUS are also heterogenous and can be ie 
ther stratified into profiles with lower or higher risk o 
progression based on which genes show mutations ; 
comparison of the findings in CHIP, CCUS, and si 
is presented in Figure 20-2. As our understanding ; 
these precursor states improves, the moleculat me, 
genesis of MDS is also highlighted as a hearer en 
| accumulation of clonal aberrancies that drive 4s 
tional hematopoiesis. 


+ 


Genetic Anomalies jastic $Y" 
Clonality is a hallmark feature of myelodysP’ A may 
dromes and can be demonstrated in sev eral iit ‘bo 
development that has aided our understanding as ility © 
physiology of MDS and precursor states !§ “” equ 
sequence many genes at once in massively pa f isrere™ 

ing platforms. These panels allow us 10 identi 30% | 


: . s, offe 
types of mutations in many different genes, | 


ce. More than 80% of MDS cases show a muta- 
one recurrently mutated gene and often show 


iio sizes and more mutations than CHIP or CCUS 


methylation (TET2, DNMT34A, IDH1, IDH2), 
icing (SF3B/, SRSF2, U2AF1, ZRSR2), signal- 
orks and transcription factors (7P53, RUNX1, 
BPI, JAK2, ETV6), and chromatid cohesion 
).8° Frequently, multiple mutations are identified 
with different functions, ultimately leading to 
e of abnormal maturation and ineffective 
giesis. The individual mutational profile has 
sations for classification, and in some cases, prog- 
id therapy. One of the best examples of this is 
3B] mutations are associated with the presence of 
ting sideroblasts, an important feature for WHO 
fication and better overall prognosis.’ Although the 
ty of individual gene mutations are not yet targeta- 
ecific therapies, the overall profile can be helpful 
Stratification and therapy selection; for example, 
sive treatment regimen may be appropriate in 
its with an isolated SF3B/ mutation." 


4 


_ Inaddition to individual somatic gene mutations, clonal- 

Vcan also be assessed by cytogenetic testing where large 
ns, duplications, and trans/ocations can be identified 

oa » fluorescence in situ hybridization (FISH), 
chromosomal Microarray techniques (see Chapter 35). 

Chromoso; a z ; - 

ovo oe abnormalities can be seen in 50% of de 

The 


mn S cases and are even more frequent in t-MDS.’ 
MDS are! Tequent chromosomal abnormalities seen in 


3 or del 13q 


ah re abnormalities are now incorporated into 
ities gra. tation, where some chromosomal abnor- 
Pens 5 “nsidered presumptive evidence of MDS in 
Priate Symctaaig even without significant morpho- 
Sificatio, N addition to being necessary for appro- 

Xin, for risk Be chromosomal abnormalities are also 
‘tg Brateq into peutification and therapy selection, and 
gem € revised International Prognostic Scor- 
Btouns 1a) tisk score to classify patients into prog- 
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Biological Characteristics of Disease Progression 


ADVANCED CONTENT 


The MDS phenotype changes as the disease progresses 
toward leukemia. Morphological examination of the 
peripheral blood and bone marrow may show increasing 
blasts. When blasts exceed 20% in the peripheral blood 
or bone marrow, the disease is considered transformed 
to acute myeloid leukemia with myelodysplasia-related 
changes (AML-MRC).! AML-MRC can be diagnosed if 
' the patient has a history of MDS or myelodysplastic/ 
_ myeloproliferative (MDS/MPN) overlap syndrome. In addi- 
tion, AML-MRC can also be diagnosed if an AML shows 
characteristic MDS-related cytogenetic findings or multi- 
_ lineage dysplasia, and lacks a prior treatment history and 
recurrent cytogenetic abnormalities, which are hallmarks of 
specific AML subcategories, such as t(15;17) in acute pro- 
myelocytic leukemia.' As high-risk MDS with excess blasts 
and AML-MRC exist on a spectrum, the genetic aberran- 
cies observed in AML-MRC are often also present in the 
preexisting MDS. In other cases, additional clonal cytoge- 
netic and molecular aberrancies are seen as the percentage 
of blasts increases, suggesting that the disease clone has 
| acquired additional aberrancies, termed clonal evolution, 
which have driven disease progression.'*'? As an example, 
_ inpatients who do not have a RUNX/ mutation at diagnosis, 
" acquiring a RUNX/ mutation is associated with leukemic 
_ transformation.'* MDS is thus one of the best examples of 
the multistep pathogenesis of neoplasia for hematologic 
cancers. The accumulation of different genetic alterations 
changes the phenotype of the cell from normal to clonal and 
dysplastic. Further changes confer a full-blown malignant 
phenotype, leading to the development of acute leukemia. 


Ineffective Hematopoiesis 

The sine qua non of MDS is peripheral blood cytopenia or 
cytopenias, meaning decreased red blood cells, white blood 

cells, or platelets in the blood. In conjunction with the typical 
normocellular or hypercellular bone marrow, this indicates 
ineffective hematopoiesis as the decreased peripheral blood 
counts are not due to decreased bone marrow precursors; 
however, hypocellular marrows can also be seen with MDS. 
The etiology of peripheral blood cytopenias includes aber- 
rant apoptosis. The phenomenon by which each cell is able to 
trigger its own death is called apoptosis or programmed cell 
death, an essential part of tissue homeostasis. An abnormal 
decrease in the rate of natural apoptosis will lead to cell accu- 
mulation, whereas an increase in the rate of apoptosis will lead 
to decreased cellular output. In MDS, increased apoptosis and 
failed differentiation, where cells mature to a point and then 
undergo apoptosis, may contribute to ineffective hematopoi- 
esis.'®'* Additional mechanisms for peripheral blood thr. m 

bocytopenia have been proposed and include autoime une 
destruction, altered cell signaling, and functional ¢ 
the peripheral blood cells and platelets."’ 


“fects in 
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Clinical Findings 


Most commonly, the presenting symptoms are those attrib- 
utable to cytopenias. Clinical manifestations develop in 
relationship to the degree of anemia, neutropenia, or throm- 
bocytopenia. Elderly patients with anemia may present with 
symptoms of cardiac failure, such as dyspnea on exertion. 
Fatigue, weakness, infections, and bleeding may also be pre- 
senting symptoms.’ Asymptomatic patients with MDS may 
also be identified following evaluation of cytopenias noted on 
CBC.*"* Rarely, patients may present with systemic symptoms 
such as infection, arthralgias, fever, and cutaneous vasculitis.'” 
Abnormal findings on physical exam such as splenomegaly 
are less common in MDS and are more often associated with 


myeloproliferative neoplasms (MPN) or MDS/MPN overlap 
syndromes. 


Prognosis 


Because of the heterogeneous biology, behavior, and tendency 
to progress to AML among MDS, accurate assessment of 
prognosis is important in therapeutic decision-making. Sev- 
eral different prognostic models have been proposed, with 
the IPSS-R incorporating cytogenetics, bone marrow blast 
percentage, and degree of cytopenias” (Table 20-1). Overall, 
outcomes vary for survival, from more indolent cases with 
more than 10-year survival to rapid progression and median 


TABLE 20-1 Revised International Prognostic Scoring System (IPSS-R) for MDS Based on Percentage of Bone Marrow 


Blasts, Karyotype, and Blood Cytopenias 
Score 0 


survival of under 6 months.'*?! An jm 
that the majority of patients with low- and low. 
risk MDS still may die of causes related to 
ing infection and hemorrhage, rather tha 
AML.'*? 
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Morphological Characteristics 
of Blood and Bone Marrow 


Definitions of Specific Morphological 
Characteristics 
At the laboratory level, the diagnosis of a MDs iS made by 
combination of review of CBC data, careful morphol Mt 
study of blood and bone marrow smears using the Woes 
Giemsa stain, and the bone marrow biopsy specimen ie 
hematoxylin and eosin (H & E) stain, with iNCorporation ‘ 
ancillary studies to evaluate for clonality (Table 20-2). Th 
iron content of both marrow aspirate and biopsy specimens. 
revealed by using Prussian blue (Perl’s stain). i 
Dysplastic features, or abnormal morphological feature: 
for each lineage are described in detail later in this chapter 
termed dyserythropoiesis in the erythroid lineage, dysgra. 
ulopoiesis in the granulocytes, and dysmegakaryopoiess 
in megakaryocytes. Dysplastic features must be seen inz 
least 10% of the cells of the lineage to qualify as dysplas 
The review of these materials allows the distinction betwees 


0.5 1 15 2 3 4 

Cytogenetics Very good - Good - Intermediate Poor Very Poot_| 

Bone marrow blast,%  =2 ‘= >2%-5% : 5-10% 10% ol 

Hemoglobin 210 = 8-10 <8 - gee 

Platelets 2100 50-100 <50 - ghey 

ANC =08 <0.8 - - ; ga 

Cytogenetics: 

“Very Good’ = -Y, del(11q) 

“Good” = Normal, del(5q), del(12p), del(20q), double including del(5q) 

“Intermediate” = del(7q), + 8, + 19 i(17q), any other single or double independent clones 

“Poor” =-7, inv(3)/t(3q)/del(3q), double including -7/del(7q), complex: 3 abnormalities 

“Very Poor” = complex: >3 abnormalities 

Median Survival (years) by IPSS-R Score According to Age Group 

Overall Score/Risk = 60 Years >60-70 Years >70-80 Years ; 

Very low = risk = 1.5 Not reached 10.2 7.0 

esi So et ee ee 6.1 47 2 

Intermediate = >3-4.5 52 33 27 Ls 
ee — a gn _ — _ — 5 

High = >4.5-6 2.1 16 FE 1 
SST ee 2 SS ee = : 07 

Very high = >6 0.9 0.8 0.7 


< poe 
Adapted from: Greenberg PL, Tuechler H, Schanz J, Sanz G, Garcia-Manero G, Solé F, et al. Revised international prognostic scoring system for myelodysplastic none” 
2012 Sep 20;120(12):2454-65. PubMed PMID: 22740453; PubMed Central PMCID: PMC 4425443. 
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< morphological Findings in MDS 


Peripheral Blood 


Macrocytosis 
Anisopoikilocytosis 
Oval macrocytes 
Dimorphic population 


hypercondensed chromatin 
Pseudo-Pelger—Huet Anomaly 
Occasional hypersegmentation 
Hypogranularity and/or large granules 


Atypical neutrophil segmentation and . 
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Morphological Findings 
Bone Marrow Aspirate 


Megaloblastic changes 
Multinucleation 
Nuclear/cytoplasmic asynchrony 
Karyorrhexis 

Internuclear bridging 

Nuclear fragments and budding 
Ring sideroblasts 

PAS positive erythroblasts 


Myeloblasts, immature granulocytes 

Occasional increase of monocytes and basophils 
Nuclear/cytoplasm maturation 

Asynchrony and maturation arrest 
Hypogranularity and/or large granules 

Auer rods 


Large or giant platelets 


Dysmegakaryopoiesis 
Hypogranular platelets 


fragments 


Micromegakaryocytes and megakaryocyte 


Micromegakaryocytes 
Hypo- and monolobulation 
Multiple separated nuclei “Botryoids or Pawn Ball” 


MDS subtypes based on established criteria. MDS are most 
ofen suspected in patients presenting with anemia (usually 
 Macrocytic or normochromic), with or without additional 
‘Animportant caveat in the evaluation of dysplasia is that 
Prsence of convincing morphological dysplasia in the 
od or bone marrow does not confirm a diagnosis of MDS; 
Conditions, including drug or medication effect, infec- 
hutitional deficiencies, some infections, and autoim- 
~ ‘lsorders, can cause both dysplasia and cytopenias' 
. oa 2). Obtaining a detailed clinical history and review 
abd Medications are critically important in avoid- 
ee Sten osing a nonneoplastic 


Rei Ostic pitfall of misdia; 
GMOS. These pitfalls wil) be discussed in detail at 


nd of the chapter, 


Pat of 
bear gS Classification involyes determining the num- 
Mey ve 'n the bone marrow at initial diagnosis. These 
Tyelo; the same characteristic features observed in 
ee Reoplasms: generally, they are large with high 
a ihr esmic ratios and have fine glassy chromatin, 
ng tes eminent nucleoli and azurophilic cytoplas- 
‘ng E The 8: 20-3). They have a myeloid immunophe- 
ie €ssment of blasts for appropriate classification 
tig ation i Percentage of blasts as well as morphologi- 
a “°sinophitie the presence of Auer Rods, which are rod- 
Sake = in blasts (Fig. 20-4), Although id 
9 07 ne oJ 
Sally Or 109, ri ie of 5% to 19% blasts in the Been 

oy at % blasts in the bone marrow are ge 

2), € diagnosis of MDS with excess blasts-2 
© Presence of any blasts with Auer Rods, 


Cellularity, evaluation of dysplasia of cell lineages, and abnormal localization of immature precursors 
Cluster of megakaryocytes and degree of myelofibrosis 


BOX 20-2 Benign Etiologies of Dysplasia 


Chronic Infections 
* Human immunodeficiency virus (HIV) 
* Other viral infections 


Nutritional Deficiencies 

+ Vitamin B,, deficiency 

: Folate deficiency 

* Copper deficiency (or excessive Zinc) 


Drugs or Toxins 

* Alcohol abuse 

+ Arsenic 

+ Antitubercular drugs 

+ Chemotherapy drugs 

* Immunosuppressant drugs 


Systemic Disorders 
+ Autoimmune diseases 
SSS Stnssnssce-ae 


regardless of blast percentage, will qualify for a classification 
of MDS-EB-2.! 


Lineage Dysplasias 
Dyserythropoiesis ha 
Dyserythropoiesis refers to the ineffective development of 
normal red cells. In the peripheral blood, anemia is the pes 
common presenting cytopenia, most often macrocytic or por. 
mocytic, with a decreased reticulocyte number. by. 
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FIGURE 20-5 MDS with isolated del 5q (peripheral blood): Ted call 
anisopoikilocytosis with ovalmacrocytes and thrombocytosis, 
FIGURE 20-3 Blast morphologies (peripheral blood): a circulating blast 

shows fine chromatin with a prominent nucleolus and large nucleus with 

moderately abundant gray-blue cytoplasm (arrow); adjacent neutrophils 

also show dysplastic features with cytoplasmic hypogranularity. 


FIGURE 20-6 Dysplastic findings (peripheral blood):a Ne eras 
neutrophil with normal nuclear lobation is seen with background 
anisopoikilocytosis and a giant plate!et (arrow). 


FIGURE 20-4 Blast morphologies (bone 
_an Auer rod (arrow) indicates that this case would be classified as 
on plastic syndrome with excess blasts-type 2 (MDS-EB-2). 


m ytic anemia can be seen in MDS associated with muta- 

ions in the ATRX gene’. Erythrocyte morphological charac- 
teristics that may be encountered are macrocytosis and a broad 
array of anisopoikilocytosis (variability in size and shape of 
red blood cells), with such features as basophilic stippling, a 
dual red blood cell (dimorphic) population (normochromic, 
hypochromic), Pappenheimer bodies, dacrocytes (teardrop 
cells), fragmented cells, elliptocytes, Howell—Jolly bodies, 
and acanthocytes (Figs. 20-5 to 20-8). These features are not 
specific for MDS but may reflect dyserythropoiesis, 

In bone marrow erythroid precursors may show mega- 
loblastoid changes with dense or fine chromatin with asyn- 
chronous cytoplasmic maturation and a wide variety of ~ 
nuclear lobation abnormalities. Megaloblastoid changes — * ri 
ploaciace insaolent ie qualliving suidysplaniay Although FIGURE 20-7 Myelodysplastic syndrome with ringed pene d oft 
normal erythroid precursors show perfectly round nuclei, (MDS-RS) showing a dimorphic population of red Be wall phos! 
dysplastic erythroids may show internuclear bridging, broad- normocytic and macrocytic forms compared with ihe 
based nuclear budding, karyorrhexis, and multinucleation! (peripheral blood). 


2 m of dyserythropoietic morphologies (peripheral 
Be opti stippling (A), Howell-Jolly body (B), and erythroid 
ip with internuclear bridging (C). 


20-9 to 20-10). Cytoplasmic abnormalities may include 
syolization and aberrant PAS positivity.' 

jically, about one-third of nucleated erythroid pre- 

s contain some sideroblastic iron, which are present 
small granules that are randomly distributed in the cyto- 
Aring sideroblast is defined as having =5 gran- 
aperinuclear distribution that cover at least one-third 
nuclear rim or may form a complete ring around the 
(Figs. 20-11 to 20-12). Even in the absence of other 
of erythroid dysplasia by morphology, =15% ring 
asts qualifies as dyserythropoiesis. Correlation with 
ocular findings is necessary, as =5% ring sideroblasts 
ilies as dyserythropoiesis in the setting of an SF3BIgene 

jon. Because the presence or absence of ring sidero- 
*Tequired for appropriate classification in the WHO 
-ton stains should be performed on the aspirate smears 
Patients being evaluated for suspected MDS. Again, it 
orlan to note that ring sideroblasts may be increased in 
e tic conditions including alcohol use, other toxins 
ag Poisoning), drugs (including isoniazid), cop- 
__~’y, and congenital sideroblastic anemia.’ 


% 


wg Shect, . at < 
; ni 
*nghtnucegre of sevthropoietic morphologies (bone marrow 


Aly ynch, €rythroid precursors with nuclear to cytoplasmic 
ri Tony (arrows), 
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FIGURE 20-10 Spectrum of dyseythropoietic morphologies (bone 
marrow aspirate): basophilic stippling (A), erythroid precursors connected 
by internuclear bridging (B). 


we? x 


— 
ar. 


FIGURE 20-11 Ring sideroblasts (bone marrow aspirate, Prussian blue 
stain): three ring sideroblasts are seen, each with at least five iron granules 
localized around the nuclear rim covering at least a third of nuclear 
periphery (arrows). 


FIGURE 20-12 Ring sideroblasts (bone marrow aspirate, Prussian rt 
stain): many ring sideroblasts are seen. 
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Dysgranulopoiesis refers to the defective granulocytic devel- 
opment. In peripheral blood, neutropenia is found in almost 
60% of patients.” The classic feature of dysgranulopoiesis in 
peripheral blood is a granulocyte with a bilobed nucleus and 
hypogranular cytoplasm (pseudo-Pelger-Huet anomaly), 
but other nuclear lobation anomalies including hypo- and 
hypersegmentation, pseudo-Chediak-Higashi granules, and 
small or giant forms can also be seen' (Figs. 20-13 to 20-15). 
Typically, both nuclear and cytoplasmic features of dysplasia 
are identified in cases with dysgranulopoiesis. 

In the bone marrow, the nuclei of neutrophils often show 
variable degrees of hyposegmentation and hypogranularity 
(pseudo-Pelger—Huet anomaly) (Figs. 20-16 to 20-18). Other 


FIGURE 20-15 Pelger—Huet Anomaly (peri 


‘ Pelger-Huet anomaly, a benign congenital Condition, all neutro i 
nuclear abnormalities include hypersegmentation and abnor- show nuclear hyposegmentation with normal cytoplasmic ; 


pheral blood): intrue 


mal chromatin clumping.'* whereas in MDS, typically only a subset of neutrophils are ad 
show some combination of nuclear hyposegmentation and ; 
Dysmegakaryopoiesis hypogranularity. Woplesni 


Dysmegakaryopoiesis refers to the defective production of 
megakaryocytes and platelets. In the peripheral blood, mod- 
erate thrombocytopenia is present in approximately 40% of 
patients, occasionally being severe (less than 20 X 10%/L)!". 


FIGURE 20-16 Dysplastic findings (bone marrow aspirate): blast ces 
granulocytic precursors with hy pogranular cytoplasm (B), and a hypo 
FIGURE 20-13 Dysgranulopoeisis (peripheral blood); three neutrophils bate, hypogranular neutrophil (pse udo-Pelger-Huet cell) (C). 
all showing nuclear hyposegmentation and cytoplasmic hypogranularity 

(p o-Pelger—Huet anomaly when bilobed with hypogranularity), 


fe “a 


FIGURE 20-14 Dysgranulopoeisis (peripheral blood): two neutro 
with nuclear hyposegmentation and cytoplasmic hypogranularit 


phils 
y. 


« va)ea myer 
FIGURE 20-17 Dysgranulopoiesis (bone marrow aspirate? 


(A) is seen next to two hypogranular neutrophils (8) 
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48 MDS-EB-2 a myeloblast is seen with two Auer rods 


FIGURE 20° 


arows) with 2 smudge cell below right and dyserthropoiesis below left. 
pone marrow aspirate). 


sis is a rare occurrence but may be seen ina third 
ofcases of MDS with isolated del 5q' (Fig 20-5). One may find 
variable morphological abnormalities such as platelet gigan- _ FIGURE 20-20 Rarely micromegakarocytes or bare megarkaryocytic 
tism, ballooning, and variable hypogranulation. Rarely, cir- __ "U¢lei can be observed in the peripheral blood. 
culating micromegakaryocytes or bare megakaryocyte nuclei 
can be found in peripheral blood (Figs. 20-19 to 20-20). 

- Inthe bone marrow there are two characteristic morpholog- 
ical abnormalities of megakaryocytes in the bone marrow: the 
i ce of micromegakaryocytes (dwarf or mononuclear 

a es) with nuclear hypolobation, and megakary- 

s With multiple small nuclei detached from one another 
parated by a thin strand of nuclear material and cytoplas- 
¢ hypogranularity (“pawn-ball” shape)!4 (Figs. 20-21 to 
+74). These features are best appreciated in aspirate smears, 
s bone marrow biopsies may show similar features 
‘¢nuclear hyperchromasia. In some cases, micromegakary- 
~S may be hard to appreciate on core biopsies, but can 


FIGURE 20-21 Dysmegakaryopoiesis: a dwarf megakaryocyte that is 
small with a monolobular nucleus. (bone marrow aspirate). 


ac 


Peg e! 
Sec? roe, : 


FIGURE 20-22 Dysmegakaryopoiesis: a large megakaryocyte with 
excessive and detached nuclear lobes (“pawn-ball”" shape). Bone 


marrow aspirate. 


ypogranular platelet (arrow) compared with the 
al Sranularity at the right of the image (periph- 


og 


More No 
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FIGURE 20-23 Dysmegakaryopoiesis: multiple small, hypolobate/ 
monolobate megakaryocytes. (bone marrow aspirate), 


FIGURE 20-25 Dysmegakaryopoiesis (bone marrow core): increased 
dysplastic small megakaryocytes with nuclear hypolobation/ 
monolobation are present (arrows). 


FIGURE 20-24 Dysmegakaryopoiesis: large megakaryocyte with 
hypogranular cytoplasm and detached nuclear lobes (bone marrow 
aspirate). 


be identified with immunohistochemical stains for CD42b or 
CD61 (Fig 20-25 to 20-26). 


CRITICAL THINKING QUESTION 
20-1 Why could the presence of ringed sideroblasts be 
missed in routine bone marrow smear evaluation? 


FIGURE 20-26 Dysmegakaryopoiesis (bone marro h 3s 08 
See answers to all Critical Thinking Questions at the back immunohistochemical stains for megakaryocytic markers, = at would 
of this book. in this case, can highlight small, dysplastic megakaryocytes 
difficult to appreciate on the hematoxylin and eosin stain. 
‘ efit 
ge . : atte ; «nc and In * 
Classification of MDS Subtypes It is important to note that, without cytogenettess © gif 


, : : 3 sae riate class!” 
MDS classification has evolved considerably since the first  C#S°S Without molecular testing, SOG emphasis 
introduction of the term preleukemia or refractory anemia S28 the WHO guidelines is not pane of the diag os 
several decades ago. Accurate classification is instrumental in '™POrance of ancillary testing. A ae ate 70-3. 
helping investigators and clinicians to categorize patients into criteria for each subtype is presented in 1a’ 


more homogeneous subsets, help predict outcome, and select MDS With Single Lineage Dysplasia sp 


therapeutic options for patients. As the name implies, MDS with single lin re I 

Under the 2016 WHO classification, MDS are classified into (MDS-SLD) involves a dysplasia of only a coe patie 
six distinct subtypes, which rely on CBC findings, morpholog- —_ with cytopenias in 1 to 2 lineages. Typically, } peut 
ical and cytogenetic information for appropriate classification. present with anemia with or without an assocla'® 


; . WHO Classification (2016) of MDS 
“ Blood Findings 
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PS 7 Bone Marrow Findings 
nicytopenia, t 
Nag p ypically anemia Dysplasia in = 10% of cells in one lineage only 
rare blasts (<196) <5% blasts 
NoA 
uer rods No Auer Rods 
ens aie i <15% ring sideroblasts® 
Uni-, bi-, AITO SIT AL PTE: a eed : 
i+, bt, or pancytopenia Dysplasia in = 10% of cellls in two or more myeloid cell lines 
No or rare blasts (<1%) No Auer Rods 
No Auer Rods <15% ring sideroblasts” 
: : <5% blasts = 
mpS-RS-SLD Uni- or bicytopenia Dysplasia in =10% of cells in one lineage only 
No or rare blasts (<1%) <5% blasts in marrow 
No Auer rods No Auer rods 
=15% ring sideroblasts” = kal 
MDS-RS-MLD Bicytopenia or pancytopenia Dysplasia in =10% of cells in two or more myeloid cell lines 
No or rare blasts (<1%) =15% ringed sideroblasts” 
No Auer rods < 5% blasts 
No Auer rods . 
‘ith isolated del (5) Uni- or bicytopenias Dysplasia in =10% of cells in one or more myeloid cell lines 
‘ No or rare blasts (<1%) <5% blasts 
No Auer rods No Auer rods 
Must demonstrate a del(5q) with or without one additional 
cytogenetic abnormality that cannot be del(7q) or 
monosomy 7 
MDS-EB-1 Uni-, bi-, or pancytopenia Dysplasia in =10% of cells in one or more myeloid cell lines 
2% to 4% blasts 5% to 9% blasts 
No Auer rods No Auer rods 
MDS-EB-2 Uni-, bi-, or pancytopenia Dysplasia in =10% of cells in one or more myeloid cell lines 


with Auer rods 


5% to 19% blasts or any blasts 10% to 19% blasts or any blasts with Auer rods 


1% peripheral blood : Uni-, bi-, or pancytopenia 


demonstrated on two 


blasts 1% peripheral blood blasts 


consecutive occasions 


<5% blasts 
No Auer rods 


Pancytopenia with SLD Pancytopenia 
No or rare blasts (<1%) 
No Auer rods 


defining cytogenetics No or rare blasts (<1%) 
No Auer rods 


* that 
*5% ring Sideroblasts qualifies if an SF38? mutation is known. 


©Penia. Isolated neutropenia or thrombocytope- 
rough investigation for alternate etiologies 
May or cn these are more common. The dysplastic 
dy To distin Y Not correspond to the lineage with cyto- 
| “Ble linea Suish this from MDS with ring sideroblasts 

Pfomeq ae dysplasia (MDS-RS-SLD), iron stains must 
Ss 

With g 


©xclude a significant increase in ring sidero- 
Patients without SF3B/ mutations or <5% in 

setae 19, mutations). 
: this, ¥ ibe Peripheral blood on two consecutive 
Signifies a worse prognosis than is typically 


Absence of dysplasia with  Uni-, bi-, or pancytopenia 


May have no or increased ring sideroblasts 
<5% blasts 
No Auer rods 


No significant morphological dysplasia, but requires an 
MDS-defining cytogenetic abnormality 


associated with MDS-SLD and should be classified as MDS, 
unclassified (MDS-U) as discussed later in this chapter. To 
distinguish this from MDS with excess blasts (MDS-EB), 
blasts should be quantified as <1% in the peripheral blood, 
<5% in the bone marrow, and no blasts with Auer rods should 
be present. 

In the absence of hallmark clonal cytogenetic abnormali- 
ties, these cases may be difficult to distinguish from reactive 


or nonneoplastic causes of dysplasia or CCUS. As always. 


other etiologies of cytopenias or dysplasia should be excluded 


Even if somatic mutations are present, dysplasia should be 
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present in at least 10% of the lineage to qualify as MDS-SLD, 
distinguishing these cases from CCUS. Ifa clonal cytogenetic 
abnormality is not present, observation is recommended for at 
least 6 months for the persistence of cytopenias and dysplasia 
before making a definitive diagnosis of MDS-SLD. 
Cytogenetic findings are not specific, but MDS-SLD cases 
typically have good or very good cytogenetics in the IPSS-R scor- 
ing system. Overall, these cases tend to have a good prognosis. 


MDS With Multilineage Dysplasia 

MDS with multilineage dysplasia (MDS-MLD) cases show 
dysplasia in two or three lineages and may show cytope- 
nias in one to three lineages in the peripheral blood. As with 
MDS-SLD, MDS-RS and MDS-EB should be excluded with 
iron stains showing no significant increase in ring sidero- 
blasts, and peripheral blood and bone marrow showing no 
significant increase in blasts. Again, if blasts are 1% in the 
peripheral blood on two consecutive examinations, this sig- 
nifies a worse prognosis than is typically associated with 
MDS-MLD, and should be classified as MDS, unclassified 
(MDS-U) as discussed later in this chapter. 

Cytogenetic findings are not specific. These cases show 
more variability in cytogenetics and prognosis, with most 
cases qualifying as low or intermediate risk by the IPSS. Of 
note, patients with complex karyotypes have a worse progno- 
sis, similar to those of patients with MDS-EB. 


MDS With Ring Sideroblasts 

MDS with ring sideroblasts (MDS-RS) cases fall under the 
classification of MDS-RS when they show either at least 15% 
ring sideroblasts in patients without SF3B/ mutations or at least 
5% ring sideroblasts in patients with S¥3B/ mutations. These 
cases can be further stratified into MDS-RS-SLD or MDS-RS- 
MLD depending on how many lineages show cytopenias in the 
peripheral blood and morphological dysplasia. Most patients 
present with anemia with or without neutropenia or thrombocy- 
topenia. The peripheral blood in these cases may show a dimor- 
phic population of red blood cells with most of the cells being 
normochromic and a subset showing hypochromia. 

These cases should show <1% blasts in peripheral blood 
and <5% blasts in the bone marrow. If there are features of 
increased blasts (at least 2% in the peripheral blood or 5% in 
the bone marrow or the presence of Auer rods), they are better 
classified as MDS-EB. 

Cytogenetic findings are nonspecific. SF3B/ mutations are 
strongly associated with the phenotype of ring sideroblasts 
and are identified in anywhere from 30% to 90% of cases of 
MDS-SLD and MDS-MLD, with a higher frequency in MDS- 
SLD. Mutations in other spliceosomal proteins such as SRSF2, 
U2AFI, and ZRSR2 can be seen in a minor subset of these cases 
and are generally mutually exclusive with SF3B/ mutations. 

The prognosis in these cases is generally better in MDS- 
RS-SLD than in MDS-RS-MLD, with cytogenetic findings in 
MDS-RS-MLD being an important factor in overall prognosis, 


MDS With Isolated del(5q) 

The hallmark of this category of MDS isa del(5q) on karyotype 
with or without one other cytogenetic abnormality that cannot 
include del(7q) or monosomy 7 (Figs. 20-27 to 20-28). These 
cases show one or two cytopenias, typically anemia with or 
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CHROMOSOME 5 


FIGURE 20-27 MDS with isolated del 5q: Several genes related to hens 
topoiesis are localized on 5q. A. The interstitial deletion may comprise 

any region located between bands 5q13 and 5q33. B. The band 59315 
consistently deleted in most patients. 
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FIGURE 20-28 Karyotype (GTG banding). showing the ites 


a 
deletion of chromosome 5 —> 46,xY,del’5) (13433) characters" 


found in MDS with isolated del 5q. 


4 
Without another cytopenia, and dysplasia in one 10 ee 
Pancytopenia should not be present. Ring siderobl nel! 
may not be increased, and blasts should not 8 re ind? 
show Auer rods (<1% in peripheral blood and 2 wet 
marrow). MDS with isolated del(5q) is 4 low ee 
with a better prognosis than other categories. yas o 
of this MDS subtype are a predominance ins 
than men as is seen in most other subtypes of a 
presence of thrombocytosis in up to 50% of case 


MDS With Excess Blasts qwie 
MDS with excess blasts (MDS-EB) is diagnos? Pg 


are increased in peripheral blood or bone Le: cd, 
further subclassified into MDS-EB-! and Do oe 


gene | 


on the degree of increased blasts and the Pr | 


; 5-EB-I shows 2% to 4% blasts in the 
or 5% 10 9% blasts in the bone marrow, and 
id rods, Whereas MDS-EB-2 shows 5% to 
aripheral blood or 10% to 19% blasts in 
any blasts with Auer rods. This strategy 
stance of morphological evaluation of 
nce of Auer rods, as this categorizes the 
ask. MDS-EB can show cytopenias in one 
d dysplasia in one to three lineages and 
with any cytogenetic findings. Dysplasia 
es is frequent. Patients with MDS-EB have 
s with higher rates of progression to AML 
senetic or somatic mutations present, 
with significant reticulin fibrosis, termed 
into this category with excess blasts, The 
ficant fibrosis confers a worse prognosis 
count, but it is important to note that fibro- 
te blast percentage estimation by contribut- 
te aspirates. 


fied (MDS-U) should not be considered a 
f’ category when other categories don’t fit but 
gnosed in three specific situations: when periph- 
lasts are persistently 1% but blast counts in the 
ire otherwise low; when there are trilineage cyto- 
nly unilineage dysplasia; and when there is no 
splasia but a MDS-defining cytogenetic abnor- 


previously, cases that would otherwise classify 
MDS-MLD, MDS-RS, or MDS with isolated 
1% peripheral blood blasts documented on two 
evaluations have a worse prognosis than is typ- 
entities. Cases that would otherwise suggest 
MDS-RS-SLD, or MDS with isolated del(Sq) that 
Pancytopenia are also classified as MDS-U. It is 
Role that the use of the definition of cytopenia 
IPSS-R, which differs from hospital laboratories 
: Should be used to define cytopenias and 
ent overdiagnosis of MDS-U. These are hemoglo- 
count <100 K/ul., and ANC <1.8 K/uL. 
Persistent cytopenias, no significant increase 
Peripheral blood and <5% in bone marrow), 
ia, and the presence of an MDS-defining 
, abnormality should also be diagnosed as MDS-U, 
features these cases is less certain; monitoring 
ended that would allow specific classification is 
2) edition | oPleted prior to the publication of the 
Reo Health Organization classi- 
TeVised ga lastic neoplasms. Table 20-4 compares 
ign “dition classification with WHO 5" edi- 


(2% in 


hy Maroy sting and Results 


e * Marrow core biopsies is important for 
“Ute, row cellularity, erythroid or myeloid 
NY fibrosis or stromal changes that 
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TABLE 20-4 Comparison of the WHO Revised 
Fourth Edition With WHO Fifth Edition Classification 


WHO Classification, Revised WHO Classification, Fifth Edition 
Fourth Edition 2016 2022 
Myelodysplastic Syndromes Myelodysplastic Neoplasms 
(MDSs) (MDNs) 


MDS with single lineage MDN, with defining genetic 
dysplasia abnormalities 


MDS with ring sideroblasts MON with low blasts and 5q 
MDS with multilineage deletion 

dysplasia MDN with low blasts and 
MDS with excess blasts SF3B1 mutation 


MON with biallelic TPS3 
inactivation 


MDS with excess blasts MDN, morphologically defined 
and erythroid MON with low blasts 
predominance MDN, hypoplastic 
MDS with excess blasts and MDN with increased blasts 
___ fibrosis 
MDS with isolated del(5q) 
MDS, unclassifiable 


Childhood MDS MDNs of childhood 
Refractory cytopenia of Childhood MON with low 
childhood blasts 
Childhood MON with 
increased blasts 


Adapted from: Zhang, Y., Wu, J, Qin, T. Xu 2, Qu S, Pan L, et al. Comparison of the 
tevised 4th (2016) and Sth (2022) editions of the World Health Organization 
classification of myelodysplastic neoplasms, Leukemia 36, 2875-2882 (2022). 


may be present** (Fig. 20-29). Other infiltrates that may 
not aspirate well can also be seen on the core biopsy. It 
is well accepted that the most accurate estimate of bone 
marrow cellularity is made from an adequate biopsy spec- 
imen, Bone marrow biopsy is especially relevant in cases 
with significant bone marrow fibrosis, where paucicellu- 
lar aspirate smears are common and may lead to difficult 


eH Reece 
FIGURE 20°29 Hypercellularity (bone marrow core): the celfulactey here i 
estimated to be>95% with few adipose cells remaining . 
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estimation of blast percentage (Fig. 20-30). In addition 
to the assessment of cellularity and blast percentages, the 
bone marrow biopsy specimen is helpful in revealing the 
disruption of normal hematopoietic architecture, with dis- 
placement of granulopoiesis, erythropoiesis, and mega- 
karyopoiesis from their usual sites. Abnormal localization 
of immature precursors (ALIP), clusters or aggregates of 
tmyeloblasts, and promyelocytes of usually three or more 
cells distant from the bone marrow trabeculae are also 
features of some MDS” (Fig. 20-31). Although dyseryth- 
ropoiesis and dysgranulopoiesis are difficult to assess on 
bone marrow biopsy specimens, dysmegakaryopoiesis can 
be fairly easily estimated. 


FIGURE 20-30 MDS with severe fibrosis (bone marrow core, reticulin 
stain): severe fibrosis highlighted by dense, intersecting bundles of 
reticulin fibers. 
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FIGURE 20-31 Abnormal localization of immature precursors (ALIP) 
(bone marrow corel: increased immature cells with larger nuclei and pale 
cheomatin are shown in aggregates to sheets located away from the bone 
trabeculze. 


ADVANCED CONTENT 


When there are discrepancies in the biast per, 
_of immature appearing cells in the core ‘Stain 
histochemical stains can help determine the ac. te 
count necessary for proper classification Fin we 
20-33). CD34 is often used as a marker of mye 02, 
ODIs, by 

LV es 


other stains such as CD117 may be used, especiayy 
the blasts may be aberrantly CD34 negative. Cpj;,," 
stain for other early precursors (pronormoblasts, pom. 
cytes, etc.), which is important to consider when wand 
identify blasts. a 
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FIGURE 20-32 Blast estimate by CD34 (bone marrow core, CD34 samt 


CD34 stains vessels, seen at the lower left as a longitudinal srucue & 
well as rare blasts (arrow). 


1 Due 
| FIGURE 20-33 Blast estimate by CD34 (bone marrow et ino 
here the blasts are increased, estimated at 10 ise by 
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etric findings are not incorporated into the diag- 
a oF prognostic categories of MDS, but clues 

sosis may be identified by flow cytometry. Blast 
tion by flow cytometry can suggest the presence of 
myeloblasts; however, morphological determina- 
; tage is the gold standard and should be 
classification. This may be partially due to hemo- 
‘of flow cytometry specimens.” Phenotypic aber- 
be seen on myeloblasts, such as the expression 
or T-cell lineage markers. The normal immature 
partment, hematogones, may be decreased rel- 
myeloblasts. Maturing granulocytes may show 
side scatter, reflecting the hypogranularity 
ed on morphology.” Several flow cytometry scoring 
have been proposed incorporating these findings 
others to predict the presence of MDS; however, their 
n the diagnosis of MDS is still unclear.”” 


‘(ytogenetic and Molecular Abnormalities 
A full description of the terminology and abbreviations used 
indescribing chromosomes and their abnormalities is beyond 
the scope of this chapter. For detailed guidelines, the reader 
referred to a specialty textbook. A brief review adapted for 
comprehension of this section is presented in Table 20-5. 
_ Since the introduction of the FAB classification of MDS in 
188, eyogenetics has become one of the most informative 


«% 


5 Abbreviations and Terminology Used in 
ng Chromosomes and thelr Abnormalities 


Short arm of a chromosome 


Long arm of a chromosome 


Loss of chromosome material to long arm 
Deletion of chromosome material 


Translocation of chromosome 
Material (DNA exchange between 
2 chromosomes) 


Marker chromosome that Is not fully 
characterized 


Addition of a chromosome 


Loss of a chromosome 
Cells having fewer than 46 chromosomes 


__ Cells having more than 46 chromosomes 


The presence of 3 or more chromosomal 
abnormalities in the same cell 
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laboratory tools in their investigation and management. The 
nature and complexity of clonal chromosomal abnormalities 
have proven to be essential in diagnosis and prognosis. As 
advances in high-throughput sequencing technologies have 
been made, our understanding of the importance of single 
gene mutations in the pathogenesis, behavior, and prognosis 
of MDS have also progressed. As noted previously, chromo- 
somal and molecular aberrancies are a key to establishing the 
clonal etiology of MDS. Specific abnormalities can contribute 
independent prognostic factors, and thus provide the opportu- 
nity to individualize therapy. 

Clonal cytogenetic abnormalities are detected in about 
50% of de novo MDS cases and the incidence rises to close 
to 90% in t-MDS.*~ Structural and numerical anomalies are 
found, but chromosomal deletions are by far the most frequent 
and characteristic cytogenetic events observed. The most fre- 
quent anomalies include partial deletions of chromosome 
arms 5q, 20q, or 7q; loss of chromosome 7 or chromosome Y; 
trisomy 8, and anomalies of the short arm of chromosome 17' 
(Fig. 20-34). The cytogenetic anomalies reported in t-MDS 
are related to the type of therapy that patients have previ- 
ously received. Approximately 70% of patients treated with 
an alkylating agent show anomalies of chromosome 5 or 7, 
or both, whereas abnormalities of 11q23 are more frequently 
seen in patients with exposure to topoisomerase II inhibitors, 
such as doxorubicin and etoposide.'*’ Complex karyotypes 
(three or more chromosomal abnormalities within the same 
cell) are found in about 20% of de novo MDS and in 40% to 
90% of t-MDS.*° 

As our understanding of the underlying cytogenetics of 
MDS has evolved, a presumptive diagnosis of MDS can now 
be made in patients with cytopenias and certain suggestive 
cytogenetic findings, even in the absence of morphological 
dysplasia. 

Cytogenetic analysis provides an important prognostic tool 
for the risk of transformation to AML and for survival, as seen 
incorporated in the IPSS-R classification (see Table 20-1). 
Patients with monosomy 7, chromosome 3 abnormalities, or 
complex karyotypes have a short survival and a high rate of 
progression to AML. Patients with —Y or del llq as a sole 
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FIGURE 20-34 Karyotype (GTG banding), showing complex clonal ab» Re 
malities involving at least 8 chromosomes within the same cell (a 
including del(SXq13q33), -7, del(20qt 1.2) 
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anomaly have a more favorable clinical outeome, with a ten- 
dency for a long leukemia-free survival. 

Molecular studies showing genetic mutations can also 
be used to establish clonality in MDS. Although molecular 
aberrancies alone cannot confer a diagnosis of MDS without 
the correct clinical and morphological setting (see diagnostic 
pitfalls section on CHIP and CCUS), particular single gene 
mutations are important for proper classification and progno- 
sis, such as the relatively good prognosis of SF3B/ mutations 
in patients with ring sideroblasts. 


CRITICAL THINKING QUESTION 


20-2 Why would a bone marrow biopsy need to be ordered 
in addition to a bone marrow aspirate for MDS 
diagnosis? 


Therapy-Related Myelodysplastic 
Syndromes 


MDS is said to be secondary, or therapy-related, when it occurs 
after significant exposure to chemotherapy or radiotherapy. 
The laboratory findings, clinical manifestations, and evolution 
resemble those of de novo MDS, but t-MDS show a higher 
frequency of chromosomal abnormalities and a greater ten- 
dency to early leukemic transformation, particularly if a com- 
plex karyotype is present. The prognosis is generally poorer in 
t-MDS than in de novo MDS. 

It should be noted that t-MDS are not categorized with de 
novo MDS under the 2017 WHO classification, but rather 
under the umbrella category of therapy-related myeloid 
neoplasms, which importantly does not make a distinction 
between t-MDS and t-AML. In this scheme, the prognostic 
value is in the cytogenetic profile. Thus, the blast count that 
would normally stratify a case into MDS versus AML is 
largely irrelevant. 


_— ne A Eh 


ADVANCED CONTENT 


There has been an increase in the number of patients diag- 
nosed with t-MDS in recent years, which is likely attrib- 
utable to the increased usage of intensive chemotherapy 
protocols and greater survivorship among those treated 
for other cancers. The risk of t-MDS following chemo- 
therapy and/or radiation therapy is variable depending on 
the treatment regimen used but is roughly 5-fold over the 
general population.*’ Most cases are causally related to pre- 
vious therapy with alkylating agents, almost all of which 
have been shown to be leukemogenic because of direct 
DNA damage. The period of latency between exposure to 
alkylating agents and development of t-MDS is usually 4 to 
7 years, and patients usually have 4 poor response to ther- 
apy with the exception of allogeneic bone marrow trans- 
plantation.*! In patients with MDS and a history of previous 


a 


i 


exposure to alkylating agents, cytogenetic 
show unbalanced cytogenetic aberrations, p 
5q-, and Tq-. 

Topoisomerase II inhibitors are associated 
with a shorter latency period of | to 5 years a 


Studies Usual, 
Timarily 7; 


With tly 


| nd are 
likely to present as a therapy-related AML withoy 


ing t-MDS.*! DNA topoisomerases are a clasg pikes. 
important in various DNA transactions such as re 
transcription, and recombination. Most of the bala 

translocations involve 11q23 and different partners Fe 
as chromosomes 9 or 19.’! Usually the KMT24 (oreveag 
MLL) gene (located at 11q23) is rearranged. Other balan 
translocations seen as recurrent cytogenetic abnormal. 
in AML such as t(8;21) have also been reported in this 
ting but are rare.*! The t-MDS caused by topoisomerase I 
inhibitors responds better to treatment than that caused ty 
alkylating agents. : 


Plicatiog 


Myelodysplastic Syndromes in Children 


MDS occurs rarely in children, and most cases are classified 
in the WHO provisionally as refractory cytopenia of chilt- 
hood (RCC). Children are most often symptomatic with fever, 
malaise, infection, or bleeding.' Unlike adults who most ofien 
present with isolated anemia, children more often present wit 
thrombocytopenia and neutropenia, in addition to anemia 0 
approximately 50%.!*? Cases of MDS in children can be ass 
ciated with predisposing bone marrow failure syndrome 
such as Fanconi Anemia; germline predisposition syndrom 
such as inherited mutations in RUNX1; and with previo 
predisposing therapies. A challenge in pediatric MDS is fit 
quent hypocellular bone marrows, making the distinction from 
aplastic anemia and bone marrow failure syndromes more 
challenging. Thorough clinical assessment for syndrome 
findings and family history as well as laboratory assess 
to exclude bone marrow failure syndromes is necessary” 


Diagnostic Challenae 


Some MDS patients carry features shared with othe 
tologic disorders. These clinical situations may lead eal 
fusion concerning the appropriate diagnosis for the ye 
The most common of these difficult diagnostic quandan® 
presented next. 


r hem 
to con 


Reactive Causes of Dysplasia “oh both per 
Many benign conditions can be associated with bol Fr 


ahydite 


eral blood cytopenias and morphological dysplasiy es 
chronic infections (especially viral), autoimmune oal ef 
medications, alcohol and other toxims, and mut ive 
ciencies'?} (see Box 20-2). A clinical history suge ist 


7 er ication 
one of these disorders and an accurate medi of? 


essential to tipping off the pathologist t the li ” 
alternate diagnosis to MDS Morphological find > ise 
be present, which could suggest # specific al pre 
such as vacuolization of erythroid and myelo! gefice™ 
in conjunction with ring sideroblasts in CoP 


(Figs. 20-35 to 20-36). 
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FIGURE 20°35 Copper deficiency (bone marrow aspirate): vacuolization 
oferythroid precursor (A) is seen with a binucleate form (B); in this case the 
dysplasia is caused by copper deficiency rather than a neoplastic disorder. 
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20- 
berlin © Megaloblastic anemia (bone marrow aspirate); erythroid 
US in this increased immature forr seen with abnormal nuclear 
thei ney, ase of megaloblastic aneinia secondary to vitamin 


Onfirm ed and molecular findings may be helpful to 
bat 85 of ae of clonal hematopoiesis. Although 

Ne ative © MDS may have a normal karyotype, the 
8 exoiug Sg value of NGS myeloid panels can 
“Widered, S when nonneoplastic diseases are being 


milan’ Molecular Findings Without 

Maley ot © ms fraplasia 

Peniag aberra,, hematopoiesis such as cytogenetic and 

epee bone pee must be taken in the context of cyto- 

i ion, tn 4TTow morphological findings for proper 
aluation paticnts With persistent cytopenias under- 

Mog sis May °T MDS, some cytogenetic and molecular 
Ninth. © SUfficient for a presumptive diagnosis of 

Sence of morphological dysplasia, but the 
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significance of other cytogenetic and molecular abnormal- 
ities is uncertain. 

In patients with cytopenias and certain genetic findings 
typical of MDS, a presumptive diagnosis of MDS can be 
made. Other cytogenetic findings may be of uncertain sig- 
nificance, such as loss of chromosome Y, which, especially 
when present in only a subset of cells evaluated, may be 
considered a normal age-related finding. Patients with 
cytopenias and a few myeloid associated somatic mutations, 
especially at low mutational burden (or variant allele frac- 
tion), may be best classified as CCUS. The risk of underly- 
ing myeloid neoplasia or progression to frank MDS depends 
on the number of somatic mutations, the pattern of muta- 
tions, and the mutational burden.’ In these patients, serial 
monitoring for progression of cytopenias or development of 
clinical symptoms is helpful to identify those with progres- 
sion to a myeloid neoplasm.2 


MDS With Hypoplastic Marrow 

Approximately 10% to 15% of MDS patients have a hypo- 
cellular bone marrow.” It may be difficult to differentiate 
such cases from aplastic anemia. This is especially complex 
given that aplastic anemia may progress to and probably 
has some biological overlap with MDS. The presence of 
increased blasts and/or significant morphological dyspla- 
sia favor MDS over aplastic anemia. There is some con- 
troversy over whether any karyotypic abnormality excludes 
the possibility of aplastic anemia, but typical cytogenetic 
and molecular features of MDS would favor a hypoplastic 
MDS.» In some cases, it may not be possible to differentiate 
between the two. 


Treatment 


Currently, allogeneic stem cell transplantation, where the 
bone marrow stem cells from another individual with nor- 
mal hematopoiesis are transplanted into the patient, is the 
only therapeutic modality with the potential to cure MDS. 
However, as most patients with MDS are elderly, they are 
not amenable to transplantation and are therefore incurable. 
As there is significant prognostic heterogeneity among 
MDS patients, the IPSS-R and other proposed prognostic 
classifications are invaluable tools that help tailor therapy 
to the predicted prognosis.” Broadly, therapies can be orga- 
nized into supportive care with those directed at palliation 
of symptomatic cytopenias versus those directed at the dis- 
ease itself.” 


Supportive Care and Hematopoiesis-Improving 
Therapies 

For elderly patients with good prognosis MDS, the mainstay 
of treatment consists of supportive measures. For patients 
who are asymptomatic with mild cytopenias and have low- 
risk MDS, observation may be appropriate. Transfusion of 
packed red blood cells may alleviate symptoms related to ane- 
mia. Chelation therapy with desferoxamine or novel oral che- 
lators may be indicated in some heavily transfused patients 
prevent secondary hemochromatosis." * Platelets can als 


be 
transfused to patients who bleed. 
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> ADVANCED CONTENT 


The use of growth factors has been widely studied in MDS. 
Erythroid-stimulating agents have been used in MDS. These 
agents have shown improvement in transfusion dependence 
without clear survival benefit.!" Similarly, thrombopoietin 
agonists to stimulate platelet production have been used in 
the context of clinical trials.'* 
Immunosuppressive therapy using antithymocyte globu- 
_ lin (ATG) and other anti-T-cell immunosuppressive agents 
has been used in a subset of patients. 
The most significant pharmacological development for 
low-grade MDS patients has been the introduction of lena- 
_ lidomide. Lenalidomide is a structural analogue of thalid- 
omide that lacks teratogenicity and most neurological side 
_ effects of the parent drug. The exact mechanism of action 
of lenalidomide is not fully characterized, but the mole- 
cule exhibits immunoregulatory and antiangiogenic effects, 
which are likely to contribute to its clinical efficacy. This 
has become the standard of care in a subset of low-risk 
patients with del5g, again emphasizing the importance of 
cytogenetics in therapy selection.'*** 


Therapies Oriented Toward Improving Survival 
Patients with advanced MDS should be considered for allo- 
geneic stem cell transplantation (alloSCT), the only curative 
treatment available for MDS. However, stem cell transplanta- 
tion is usually limited to younger patients who have a suitable 
donor,'* In addition, whether there is a benefit for alloSCT 
in patients who have otherwise achieved a response with 
hypomethylating therapies is unclear.'* 


ADVANCED CONTENT 


High-dose chemotherapy (without transplantation) with 
regimens similar to those used to induce remission in acute 
leukemia has met with disappointing results. Although a 
hematological response can be achieved, response rates are 
lower than those observed in AML. In addition, relatively 
few patients are candidates for intensive AML-like therapy 
due to the elderly population."* 

Targeting genes that have become hypermethylated 
(and thus underexpressed) during disease progression with 
hypomethylating agents such as 5-azacytidine (Vidaza) or 
decitabine (Dacogen) has been associated with hemato- 
logic response, including transfusion independence often 
observed. In high-risk MDS, these hypomethylating thera- 
pies have become the standard of care and have also shown a 
delayed progression to AML and improved quality of life.'** 

Recent advances in the understanding of the patho- 
genesis of MDS have paved the way to the development 
of novel drugs that may prove promising to improve the 
quality of life and potentially the survival of MDS patients, 
expanding therapeutic options for MDS and generating 

new hope for patients 
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Myelodysplastic/Myeloproliteratiy, 
Overlap Syndromes 


Myelodysplastic/myeloproliferative Overlap syng 
characterized by overlapping features of Ry eloge : 
syndromes, frequently exhibiting dysplasia, ‘at YSplasy, 
blood cytoses characteristic of myeloprol; loge en 
plasms instead of cytopenias. These overlap ¢ ‘ 
were previously categorized as MDS in the first ia TOM 
fication, but they now constitute a separate group pie. 
in the WHO classification system. The 2016 wy vie 
cation categories of the myelodysplastic/myeloprolife,, 
diseases are: ating 


Chronic myelomonocytic leukemia 

Atypical chronic myeloid leukemia, BCR-ABLI-negatiy, 
Juvenile myelomonocytic leukemia : 
Myelodysplastic/myeloproliferative neoplasm with ring 
sideroblasts and thrombocytosis 

e Myelodysplastic/myeloproliferative neoplasm, 
unclassifiable 


An example with diagnostic criteria for chronic myely 
monocytic leukemia (CMML), the most common MDS/Mp\ 
neoplasm, is presented in Box 20-3. Examples of the morpho. 
logical findings with peripheral blood monocytosis and bore 
marrow promonocytes are seen in Figures 20-37 and 20-38 

Similar to MDS, MDS/MPN overlap syndromes frequent) 
exhibit cytogenetic and molecular abnormalities, but no singe 


0-3 2016 WHO Diagnostic Criteria for Chronic 


Myelomonocytic Leukemia (CMML) 


Persistent peripheral blood monocytosis greater than 1X WA 
with monocytes accounting for = 10% of the leukocytes 
WHO criteria for BCR-ABL 1-positive chronic myeloid leuke- 


mia, primary myelofibrosis, polycythemia vera, and essenta 
thrombocythemia are not me 
* No rearrangement of PDGFRA, POGFRB, or FGFRI and no 


PCM1-JAK2 (which should be specifically excluded in cases 
with eosinophilia) 

* Fewer than 20% blasts* in the blood and bone marrow 

Dysplasia in one or more myeloid lineages. If myelodyspi3 


is absent or minimal, the diagnosis £ CMML may still be 


.d 
if the other requirements are presentand an car 
I 
cytogenetic abnormality is present in the henanrs months 
or the monocytosis has been persistent for at least 


and all other causes of monocytosis have been exclude® 

* Diagnose CMML-0 when biasts are less than 2% Sars 
and less than 5% in the bone marrow, and no Auer! 
are present 

* Diagnose CMML-1 when there are 2% ¢ 
and 5-9% in bone marrow, and no Auer rods are 

* Diagnose CMML-2 when biasts are 5% © 19% in bl all 
OF 10% to 19% in marrow, or if Auer rods are presen 
blasts are fewer than 20% in blood or marrow 


0 4% blasts " blood 
present 


: mono 


ts, 
In this classification of CMML, blasts include myeloblas 


20-37 MDS-EB shows myeloblasts and dyserythropoiesis. Note 
sHowell-Jolly body (arrow). 


nostic, defining abnormality is present. The Presence of 
lations typically associated with myeloproliferative neo- 
sms such as JAK2, CALR, or MPL can indicate a myelopro- 
erative component. These syndromes are heterogenous with 
ying characteristics, prognosis, and therapeutic strategies. 


SUMMARY CHART 


ic syndromes (MDS) are clonal hematolog- 

es characterized by peripheral blood cytope- 
ic cells in peripheral blood and bone marrow, 

Propensity to transform into acute leukemia. 


, laboratory findings, and morphologi- 
On of blood and bone marrow smears, and 
ancillary testing for definitive diagnosis 


terized by morphological abnormalities 
ude dyserythropoiesis, dysgranulopoie- 
akaryopoiesis. 

4 tors influence the prognosis in MDS. The 
want are depth of cytopenias, cytogenetic 
*S, and bone marrow blast percentage. 
International Prognosis Scoring System 
determine the prognosis of individuals 


aliti 


MDs, 


adults =~ Most common presenting cytopenia 
therased often macrocytic or normocytic with 
k Ocyte count. 


Nt 


blood findings that raise suspicion for MDS 
ERNUlocvteg ; ic anemia with anisopoikilocytosis, 
ef "Poeranuian abnormal nuclear segmentation and 


A, and large hypogranular platelets. 
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lie € 
FIGURE 20-38 Chronic myelomon: 
and promonocytes are seen wi 
tow. (Bone marrow aspirate), 


jocytic leukemia (CMML): myeloblasts 
ith increased monocytes in the bone mar- 


Similar therapies as used in MDS can be used in some MDS/ 
MPN overlap syndromes, including hypomethylating agents 
and, ultimately, alloSCT if clinically feasible. In other cases, 
treatment modalities resemble those used in myeloprolifera- 
tive neoplasms, such as hydroxyurea.*“* 


¢ Bone marrow aspirate smears may show dyserythro- 
poiesis with a wide variety of nuclear lobation abnor- 
malities and nuclear to cytoplasmic dyssynchrony. 
Assessment of iron stains on the aspirate smears is 
important for the identification of ring sideroblasts. 
Dysmegakaryopoiesis is frequently characterized by 
small hypolobate forms and occasionally forms with 
separated nuclear lobes. 


e The 2016 WHO classification of MDS consists of six 
subtypes: MDS with single lineage dysplasia (MDS- 
SLD), MDS with multilineage dysplasia (MDS-MLD), 
MDS with ring sideroblasts (MDS-RS), MDS with 
isolated del(5q), MDS with excess blasts (MDS-EB), 
and MDS, unclassifiable (MDS-U). 


e Bone marrow biopsy is helpful to assess cellularity, 
erythroid or myeloid predominance, morphological 
dysplasia, abnormal localization of immature precur- 
sors (ALIP), and myelofibrosis. 

e Clonal cytogenetic abnormalities are detected in 
approximately 50% of patients with de novo MDS. The 
most frequent abnormalities are del Sq, monosomy 7 or 
del 7q, trisomy 8, and deletion of part of chromosome 20. 

e Clonal somatic mutations are found in 10% of elderly 
patients with no known diagnosis but are also found, 
typically in more genes and with higher mutational 
burdens, in patients with MDS, 
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SUMMARY CHART—cont’d 


e Secondary myelodysplastic syndrome is often therapy 
related (t-MDS) and occurs after significant exposure to 
chemotherapy or radiation therapy. The laboratory find- 
ings, clinical manifestations, and evolution resemble 
those of de novo MDS, except for a higher frequency 
of chromosomal abnormalities and worse prognosis. 


CASE STUDY 20-1 


A 72-year-old man was admitted to the hospital with com- 
plaints of increasing weakness. Physical examination 
revealed pallor but no organomegaly. His previous medical 
history was unremarkable. 

The laboratory results were as follows: 


CBC 
WBC 2.9 X 10°/L 
RBC 2.43 X 10°/L 
Hgb 9.1 g/dL 
Het 27% 
MCV 111 fl 
MCH 37.4 pg 
MCHC 33.7 g/dL 
RDW 19.0% 
PLT 90 X 10°/L 
MPV 17.4fL 
Blood Smear Differential and Morphology 
Blasts 2% 
Promyelocytes 0% 
Myelocytes 1% 
Metamyelocytes 0% 
Segmented neutrophils 72% 
Eosinophils 1% 
Basophils 1% 
Lymphocytes 20% 
Monocytes 3% 


e MDS occurs rarely in children but is mld 


ated wig, 


inherited bone marrow failure syndromes, 5.» 
> ermine 


predisposition syndromes, or prior thera py 
e At the present time, allogenic hematopoietic stem: 
transplantation is the only curative treatment for : 
MDX 


Additional findings at the blood smear: occasion: 
pseudo-Pelger—Huét neutrophils with hypogranulai 
occasional giant platelets, erythrocyte anisomacrocyins: 
with occasional basophilic stippling. a 


BONE MARROW ASPIRATE 

Blasts: 15%, a few blasts with Auer rods 
Dysgranulopoiesis with immature cells with async 

nous nuclear-cytoplasmic maturation 
Pseudo-Pelger-Huet cells with hypogranulation 
Left shifted erythroid maturation with megaloblastoid cas 
Micromegakaryocytes with nuclear hypolobatioa 
Prussian blue stain showed 10% ring sideroblasts 


CYTOGENETICS 
Complex karyotype, including monosomy 7 


QUESTIONS: 

1, Are there any cytopenias present? If so, which? 

2. What does the peripheral smear reveal about this pas® 

3. Based on the bone marrow aspirate, which subyre 
of MDS does this patient most likely fall within? 


ANSWERS: 

1, Macrocytic anemia an 

2. There are blasts present 
Huet cells with hypograsu: 
philic stippling, and some § 
findings are consisten< 6: 

3. With 15% blasts and t! 
likely MDS-EB-2. 


mbocytopenia. 
sng with pseudo-Pelge™ 
sion, anisocytasis, b> 
ant platelets. All of the 
1 MDS. “A 
osence of Auer rods, BS! 


‘Si 


jd male has a history of Hodgkin lymphoma 
Nate his early 20s, treated with chemotherapy and 


es in remission for 10 years, and presents for routine care. 


i 

Ha 3.1 107/L 
. 3.56 10"/L 
Hg 11.7 g/dl 
Het 31% 

al 105 fl 

MH 33.6 pg 

MCHC 32.5 g/dL 

«ROW 17.5% 

au 135 x 10°7/L 

—— MPY 10.9 fl 

A 

} Blood Smear Differential and Morphology 

Blasts 2% 

4 Promyelocytes 0% 
Myelocytes 0% 
Metamyelocytes 0% 

_ Segmented neutrophils 40% 

Eosinophils 2% 

- Basophils 1% 

___ lymphocytes 49% 

Monocytes 6% 


Additional findings on the blood smear: Macrocytic 
Bet tisod cells with anisopoikilocytosis, a few dysplastic 


REVIEW QUESTIONS 


1. Which statement is true abou 
MDS? 
The mutation always imp 
. The mutations occur in 
than older patients, 
© Benzene is a known chemi: 
Mutations, 


4. The mutations always affect 


ia] proliferation in 


jlular maturation. 
patients more often 


»nt that can induce 


lular function. 


2. Rati : 
atigue, Weakness, and dyspnea can all be attributed to 


Which alin: 
hich Clinical finding in MDS 
4 Anemia 


ot whieh important for patients with MDS because 
isk of the following? 

b Risk ote nomegaly 

Risk Shi mation to CLI 

dp nfections 


8 ; 
f transformation to AMI 
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Appearing neutrophils with 


present cytoplasmic hypogranularity are 


BONE MARROW ASPIRATE 
Blasts: 6% 


Dysgranulopoiesis with >10% of the maturing granulo- 
cytes showing cytoplasmic hypogranularity 

Erythroids show a spectrum of nuclear lobation abnor- 
malities with >10% showing binucleation or irregular 
nuclear contours 

Megakaryocytes appear increased with a few small, 
hypolobate forms (<10%) 


ean Blue stain showed no increase in ring sidero- 
asts 


CYTOGENETICS 


Karyotype shows a complex karyotype with multiple chro- 
mosomal deletions, including del(Sq) and del(17p) 


QUESTIONS: 

1. Looking at the entire CBC and differential picture as 
well as the bone marrow aspirate, which findings align 
with MDS? 

2. What is most likely this patient’s etiology for MDS? 


ANSWERS: 

1. Neutropenia and the presence of blasts with 
hypogranulation. 

2. His history of being on chemotherapy drugs is likely 
causing t-MDS. 


3 


4, Dysplastic cells need to be above what threshold for 
diagnosis of MDS? 
a. 5% 
b. 10% 
c. 25% 
d. 50% 
5, What cellular inclusion is important in classification of 
MDS? 
a, Auer rods 
b. Hgb C crystals 
c. Howell-Jolly bodies 
d. Heinz bodies 
The presence of Auer rods results in a diagnosis of 
which MDS subtype? 
a, MDS-SLD 
b, MDS-RS-SLD 
c, MDS-EB-! 
d. MDS-EB-2 
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REVIEW QUESTIONS—cont’d 


7. 


Recent increases in t-MDS is likely due to which? 
a. Increased exposure to toxins 

b. Increased use of chemotherapy drugs 

c. Increased environmental toxins 

d. More people living longer 


. Which of the following causes of cytopenia or cellular 


dysplasia resembles the cellular changes seen in 
MDS? 

a. Chronic viral infections 

b. Iron-deficiency anemia 

c. Acute lymphoblastic leukemia 

d. Bacterial infections 


. Which of the following is a curative therapy for 


11. 


12. 


13. 


Which erythroid finding is considered ¢ 
erythoid dysplasia? 

a. Howell—Jolly bodies 

b. Heinz bodies 

c. Poikilocytosis 

d. Increased ringed sideroblasts 


Quivalent to 


What is pseudo-Pelger—Huet anomaly? 

a. Neutrophils with hypersegmentation 

b. Agranular neutrophils 

c. Hyposegmented neutrophils with hypogranulation 
d. Neutrophils with toxic granulation 


In addition to evaluation the bone marrow aspirate 
and peripheral blood for cytopenias and blasts, wha, 


MDS? 

a. Blood transfusion 
b. Oral chelators 

c. Stem cell transplant 
d. Platelet transfusion 


other lab analysis can provide a diagnostic picture 


for MDS? 
a. CBC 


b. Cytogenetic analysis for recurrent anomalies 
c. Immunoassays 


d. Urinalysis 


10. The most common MDS/MPN disorder is which of 
the following? Ce Pehtch 
SAMI See answers at the back of ook. 
be CLE 
c. CML 
d. CMML 
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Chronic Lymphocytic Leukemia and Related 
Lymphoproliferative Disorders 
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CHAPTER OUTLINE 


Overview of Chronic Lymphocytic 
Leukemia 
Normal B Cell Development 
Classification of Lymphoid Neoplasms 
Hematologic Abnormalities 


Pathophysiology 


Epidemiology Staging 
Etiology Treatment 
5 Differential Diagnosis 
Pathophysiol 
eee Ml CLL vs. ALL 
Phenotypic Features and Methods for B-Prolymphocytic Leukemia 
Studying Lymphocytes 


Clinical Findings 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


21-1 Name the most common chronic lymphoproliferative 
disorder. 

21-2 List the cellular features present in chronic 
lymphocytic leukemia (CLL). 

21-3 Explain the mechanisms that cause altered 
immunity in patients with CLL. 

21-4 Identify the antigens associated with B cells of 
interest in CLL diagnosis. 

21-5 Recognize leukemia subtypes associated 
with specific patterns of cell surface marker 
expression. 

21-6 Describe the detection of a clonal cell population 


using flow cytometric or molecular data. 


hronic lymphoproliferative disorders represent a het- 

erogeneous group of diseases characterized by uncon- 
trolled production of lymphocytes that are morphologically 
and immunophenotypically mature B or T or NK lympho- 
cytes.' Although the features of chronic lymphoprolifera- 
tive disorders are critical to the subclassification of these 
disorders, the final diagnosis represents a combination 
of morphological, immunological, cytogenetic, molecular, 
and clinical features. Disorders affecting bone marrow 
and peripheral blood are regarded as leukemias, whereas 
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Laboratory Testing and Results 
Genetic Abnormalities and Molecular 


Clinical Course, Prognostic Factors, and 


Small Lymphocytic Lymphoma 
Mantle Cell Lymphoma 


Small Cleaved-Cell Lymphoma 

Hairy Cell Leukemia 

Sézary Syndrome 

Adult T-Cell Leukemia/Lymphoma 

Chronic T-Cell Large Granular 
Lymphocytic Leukemia 

Reactive (Atypical) Lymphocytosis 

Plasma Cell Dyscrasias 

Summary Chart 

Case Study 21-1 

Case Study 21-2 

Review Questions 

References 


21-7 Discuss the role of cytogenetic and molecular 
genetic abnormalities in the diagnosis, treatment, 
and prognosis of CLL. 

21-8 Describe the clinical findings in patients with LL 

21-9 List the laboratory diagnostic criteria for CLL 

21-10 Name the most common chromosomal abnormar 
ties seen in CLL. 

21-11 Describe the different disease courses of CLL 

21-12 Describe the treatment of CLL and the factors tt 
drive treatment decisions 

21-13 Distinguish between !ymphoproliferative disorde’s 
given laboratory f ‘Ss 

21-14 Discuss the impac boratory tests on therapee 


tic decisions for t! sement of CLL. 


P Se : op extramede™ 
diseases affecting lymph nodes and other ¢ 


sites are lymphomas. 

In recent years, considerab 
ability to diagnose and clas ~ 
accurately, Through cytogenetics, genomics, # oa 
biology, it has been aah ) that many ee 
plasms are associated with a unique & genotypic F 


been made? 


ont 
malig 
fy hematopoietic pak 


le progres ss has 


- x on the ep . 
genetic lesions often have a direct bearing or. et 
. ; < 0 <5 
esis of the disease and its clinical behavi ,tidod® 
sJonal an 


development of widely available monoc 
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jecular testing has allowed the identification 
: ynophenotypic and genetic profiles for most 


ced ™ 
of una and lymphomas. The use of these techniques 
Jeukem! ‘oti diagnostic accuracy and reproducibility. 
$ 


overview of Chronic Lymphocytic 


kemia 
Leu phocytic leukemia (CLL)/small lymphocytic 


Chronic SLL) is included in the 2016 World Health 
ation (WHO) classification of mature lymphoid, his- 
as and dendritic neoplasms.” Box 21-1 lists the mature 
ne neoplasms. Chronic lymphocytic leukemia is the 
a onion type of leukemia in adults, and the incidence 
increases significantly with age. The mature B-cell lympho- 

ic disorders include monoclonal B-cell lymphocytosis, 
Becell chronic lymphocytic leukemia/small lymphocytic 
lymphoma (CLL/SLL), B-cell prolymphocytic leukemia, 
mantle cell lymphoma (MCL), and hairy cell leukemia 

CL)? These B-cell neoplasms are often found in the 
peripheral blood. Other B-cell leukemias and lymphomas are 
discussed in Chapters 17 and 22, respectively. The mature 
TandNK lymphocytic disorders include adult T-cell leukemia/ 
lymphoma, T-cell prolymphocytic leukemia, T-cell large 


1 Abbreviated List of Lymphoproliferative 


Disorders 


Mature B-Cell Neoplasms 

* Chronic lymphocytic leukernia/smal! lymphocytic lymphoma 

* Monoclonal B-cell lymphocytosis 

* Bell prolymphocytic leukemia (as recognized by ICC) 

* Umphopiasmacytic lymphoma (Waldensirém macroglobulinemia) 

* Plasma cell myeloma 

* Monoclonal gammopathy of undetermined significance 
(MGUS; IgM or IgA) 

‘A Heavy Chain disease 

| citary plasmacytoma 


se large B-cell | cI 
* Mant lymphoma (DLBCL) 


cell leukemia/| h 
* Fol lymphoma 
i ilar lymphoma 
Marginal zone B-cell lymphom- 


n 
* Sple cranarginal zone B-cell lymphoma 
* Hairy 'ginal zone lymphoma 

Cell leukernia 


Te 

an 

* Teel eutative NK-Cell Neoplasms 
a ie Y™Phocytic leukemia 


ge 
cell eer lymphocytic leukemia 


4 Essi 
 Mycosig Rural killer (Nk)-cell leukemia 
A Teen Sezary syndrome 
Adu coy ll lymphoma, unspecified 
; ¥™MPhoma/leukemia 
Stal, Wetdlow s 
2016 ers CAMD0 E, Pileri SA, Harris NL, Stein H, Siebert R, 


n 
"€0plasms, oe the World Health Organization classification of 
0d. 2016;127(20):2375-90 
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granular lymphocytic leukemia and aggressive NK-cell 
leukemia, Sezary syndrome, and Mycosis fungoides.’ Refer to 
Chapter 22 for a discussion of lymphomas. 


Normal B-Cell Development 

The understanding of normal B-cell development requires the 
identification of different B-cell precursors. These precursors 
arise from hematopoietic stem cells in the bone marrow in a 
stepwise manner.’ Using flow cytometry, the following B-cell 
precursors were identified: pro-B-cells, pre-B1, pre-B2, and 
mature B-cells as defined by B-Cell receptor (BCR) markers 
with further characterization by additional markers.’ Het- 
erogeneous phenotypes were associated with more than one 
B-cell maturation pathway, particularly for the pre-Bl and 
pre-B2 stages in which VDJ recombination takes place, with 
asynchronous marker expression patterns.’ VDJ recombina- 
tion is the process by which B cells (and T cells) randomly 
assemble different gene segments known as variable (V), 
diversity (D), and joining (J). Next-generation sequencing in 
sorted B-cell precursor subsets confirms that B-cell precur- 
sor differentiation does not follow a single linear pathway. 
Rather, B-cell development is a network of parallel pathways 
dictated by VDJ recombination-driven checkpoints and cell 
signaling during B-cell production.’ B1 B cells are the closest 
phenotypically to the neoplastic B cells of CLL.* 


> ADVANCED CONTENT 


| Classification of Lymphoid Neoplasms 

There are currently two classifications of lymphoid neo- 
plasms, one published by the World Health Organiza- 
tion (WHO Sth edition of the classification of lymphoid 
tumors)° and one published by the International Consen- 
sus Classification (ICC).° Both recognize CLL/SLL as 
disease entities.** Both classifications recognize mono- 
clonal B-cell lymphocytosis (MBL). The ICC recognizes 
B-cell prolymphocytic leukemia as an entity; however, 
the most recent classification by WHO does not, and this 
disorder is instead classified as splenic B-cell lymphoma/ 
leukemia with prominent nucleoli*® Various subtypes 
of MBL are defined in these classifications that rely on 
peripheral counts of neoplastic cells as well as phenotypic 
characteristics. In general, low-count MBL is a clonal 
B-cell expansion in which the clonal CLL/SLL pheno- 
typic B-cell count is below 0.5 X 10°/L with no other 
features diagnostic of B-lymphoproliferative disorder, 
High-count or CLL/SLL-type MBL is considered a clonal 
expansion with 0.5-5.0 X 10°/L, again with no other fea- 
tures diagnostic of CLL/SLL. Non-CLL/SLL-type MBL 
is considered “any monoclonal non-CLL/SLL. phenotype 
B-cell expansion with no symptoms or features diagnos- 
tic of another mature B-cell neoplasm.” All subtypes of 
MBL are clinically described by immune impairment and 
have an increased risk of infections.“ CDS, CD19, CD20 
CD23, and surface or cytoplasmic kappa and lamb ja 
light chains are regarded as essential markers 
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diagnosis of CLL.“’ MBL precedes virtually all cases 
of CLL/SLL, though MBL does not always progress to 
L.2* When the B-cell expansion exceeds 5 * 10°/L 
d the cells have the phenotypic features of CLL/SLL, 

diagnosis changes to CLL. This count is arbitrary 
it separates groups with respect to their likelihood of 
uiring treatment for the disease.* 


_ Hematologic Abnormalities 

_ CLL is a B-cell neoplasm characterized by the accumulation 
_ of small, mature-appearing lymphocytes in the bone marrow, 
blood, and lymphoid tissues. In contrast, small lymphocytic 
4 lymphoma involves mainly lymph nodes (see Chapter 22). 
_ Neither current classification distinguishes CLL from small 
__ lymphocytic lymphoma (SLL), except by its leukemic mani- 
__ festation.’ CLL cells proliferate in secondary lymphoid organs 
’ (lymph nodes and spleen). Here, mutation within various sig- 
“naling pathways can promote the expansion of the monoclonal 
O=& lymphocytes.*? 

_ Morphologically, the lymphocytes are small and have 
_ a hypercondensed, almost “soccer ball”-appearing nuclear 
_ chromatin pattern. “Smudge” cells are common (Fig. 21—1) 
_ and represent ruptured cells with no intact cytoplasm and 
nuclear structure. In CLL, smudge cells are broken CLL 
3 cells present on the peripheral smear. 

___ Cells present in CLL are most often indistinguishable from 
normal mature lymphocytes when examined with Wright 
_ stain. Prolymphocytes might be present although typically in 
low numbers (<2%).'° Alternatively, CLL cells can show the 


-e Increased prolymphocytes (>10%)'° 

_e Features of activated, proliferating lymphocytes, 

_ which are larger in size and have exaggerated nuclear 
“irregularities, open chromatin, and moderate amounts 


FIGURE 21-1 Photomicrograph of peripheral blood smear froma 
patient with chronic lymphocytic leukemia (CLL). Note the characteristic 
mature-appearing lymphocyte morphology with hypercondensed 
nuclear chromatin creating a “soccer-ball” pattern, Two smudge cells are 
also seen, Note the lack of platelets in this thrombocytopenic patient, 

A, denotes lymphoblasts; 8, lymphocytes; and C, smudge cells. 


e Atypical CLL, where CD19 B celjg ees 
but do not express (or express at very in 
low percentage) CD23 and/or show high Mere 
expression (CD20 bright). The absence hy of 
be confirmed to exclude mantle cel] lymph Is 
from the diagnosis.'! Phoma ( 


tChs 
andi, 
‘ a 
Mug 
MCI) 
Epidemiology 
Patients with CLL are typically older than 50 
median age of diagnosis in the United States ig aNd thy 
Patients younger than 50 years with an absolute ie Year, 
tosis are more likely to have a reactive lympho Yip 
CLL. Males are almost twice as likely as females 
CLL.'' CLL patients with at least one affected pie 
considered to have “familial” CLL, with approximate 
of patients reporting a history of leukemia jn their aa 
CLL is 10 to 20 times as common in Western countries Pi 
Asia.'' This suggests that other factors—genetic, environs 
tal, or both—influence susceptibility to the disease. ia 
CLL is diagnosed after a workup for incidental lymphocys 
sis. The presentation and clinical course are highly Variable 
ranging from asymptomatic, indolent disease that may neyg 
require therapy (in approximately 30% of patients) to acti. 
disease that can lead to progressive lymphocytosis, anemi 
thrombocytopenia, lymphadenopathy, and hepatosplenome. 
aly.'' Other symptoms include weight loss, night sweats, fever 
(B symptoms), fatigue, recurrent infections, or autoimmux 
complications." 

Autoimmune complications, namely autoimmune throm 
bocytopenia and hemolytic anemia, can occur without alte 
signs of CLL progression.*!*!? Generally, 83% of patieti 
with CLL are living 5 years after diagnosis, and more tm 
70% of patients can expect a survival of 10 years or more." 
This is due, in large part, to the development of targeted 
therapeutics. 


Etiology 

No specific etiological agent or cause of CLL is aut 
known. A possible viral etiology has been investigated y 
since the isolation of hurnan T-lymphotropic vi" hd 
(HTLV-1), a type C retrovirus from the leukemic : 
patients with T-cell malignancies.!° T-cell leukem’ ae ‘ 
3% to 5% of all carriers and usually develops after @ 
period of 3 to 5 decades." 


Pathophysiology ecirll 


the gradual accumulation of small m |ymphoey 
lived and immunologically dysfunctional y hoo 
peripheral blood and bone marrow. 


f 5 : : revi a ys) 
sis of the disease remains largely unknown, iv malig” 


tosis of t 


cells that plays an important role “tonal evo dt 
chemotherapy resistance.'’ There is additior es m y oo if 
the deregulation of cell cycle regulatory ee L os 
ute to the expansion of the malignant ge poi 
not only of resting lymphocytes bu! a 


CHAPTER 21 


which have been described in proliferation 

ss iymph node and the bone matrow, and the pat- 

arrow infiltration has a bearing on prognosis, 

e is compartment is thought to be important for 
jon.2 1? 

pro! * infiltration of the lymph nodes and spleen by the 

occurs in 50% of patients, whereas cuta- 

occurs in 25% of patients.” As the bone marrow 

extensively infiltrated by the leukemic clone, 

ent results in anemia, thrombocytopenia, and 

IY ia (Fig. 21-2)- Organ infiltration can lead to massive 

hi y with splenomegaly, hypersplenism, and subsequent 


in 


erat 
oliie! 


asion 


jas.?! An increased tendency for hemorrhage 
jbutes to anemia and compromises hemostasis. 
its with CLL have significantly impaired immu- 
-a| activity. The consequences of the accumulating 
yte mass in CLL include neutropenia, anemia, and 
socytopenia. These may be a result of bone marrow 
ment by the malignant clone or other physiological 
nisms. Lymphadenopathy, splenomegaly, or both may 
nt. Disruption of the immune system, beyond cyto- 
common in CLL."** Altered humoral immunity in 
ith CLL results from suppression of all classes of 
joglobulin (Ig), leading to hypogamma globulinemia 
sequent increase in susceptibility to infections.'*> 
er important complication of altered immunity 
n develop in the patient with CLL is autoimmune 
° Immune dysfunction within the proliferating 
‘indicated by the presence of hypogammaglob- 
or hypergammaglobulinemia and monoclonal 
athy. The frequent expression of autoantibodies in 
ontributes to a variety of autoimmune phenomena, 
those leading to anemia and thrombocytopenia. 
emic clonal B cells from CLL patients can be the 
athogenic autoantibodies that may react with anti- 
on red blood cells, platelets, or both. However, 
mmonly the nonmalignan‘ polyclonal bystander 
ve been shown to produce autoantibodies that 
©even more significantly to autoimmune disease." 


tom) ‘ 
LL No} fe srograph of bone marrow aspirate smear from @ 
With con ©Notonous appearance of mature-appearing 
®nsed nuclear chromatin. 
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Hypogammaglobulinemia is found in approximately 50% 
of patients with CLL. The deficiency in Ig leads to infections 
with a variety of agents. Bacterial infections, especially of the 
respiratory tract, urinary tract, and skin, as well as viral infec- 
tions such as herpes zoster and herpes simplex are common and 
dramatically contribute to patient morbidity and mortality.~ 

It was found that 15% to 35% of patients develop autoim- 
mune hemolytic anemia at some time during the course of the 
disease.'"(See Chapter 14 for more information.) Antibodies 
produced against red blood cells and detected with the direct 
antiglobulin (Coombs) test may precede, simultaneously 
occur with, or follow the development of CLL. Red blood cell 
aplasia is a rare occurrence." 

Autoantibodies to platelets and neutrophils may also 
develop and lead to immune thrombocytopenic purpura (ITP; 
see Chapter 26) and neutropenia. The production of autoan- 
tibodies coupled with marrow crowding and hypersplenism 
can lead to low peripheral platelet and neutrophil counts. 
Interestingly, the relatives of patients with CLL have also 
been shown to have an increased risk of autoimmune dis- 
eases. Immune dysfunction in some patients may include the 
production of paraproteins. Bence-Jones paraproteinemia 
has been reported in up to 49% of patients with B-CLL,” and 
heavy-chain paraproteins, either IgM or IgG, can be detected. 
The pathophysiology of CLL is summarized in Figure 21-3. 


CRITICAL THINKING QUESTION 

21-1 If CLLis the dysregulation of B lymphocytes, and pa- 
tients with CLL have increased concentrations of B cells, 
why is the immune response negatively impacted? 

See answers to all Critical Thinking Questions at the back 

of this book. 


Phenotypic Features and Methods 

for Studying Lymphocytes 

In normal adult peripheral blood, an average of 25% of the 
circulating lymphocytes have surface Ig (slg) and are B cells, 
60% to 90% are T cells, and natural killer (NK) cells aver- 
age 13%. On the basis of morphological features alone, it 
is not possible to distinguish B cells from T cells. When a 
lymphoproliferative process exists, it is important to be able 
to characterize the nature of the lymphocytes involved. Sev- 
eral methods are available to study lymphocytes in lymphop- 
roliferative disorders such as CLL (Table 21-1). 

CLL is diagnosed, in a large part, morphologically 
An immunophenotypic characterization of the neoplasm 
as either B cell or T cell using the monoclonal antibod- 
ies (mAb) available for detecting differentiation antigens 
(cluster differentiation CD antigens) confirms the diag- 
nosis. The characteristic immunophenotype for B-CLL 
is expression of faint or low-density slg with kappa (x 


or lambda (A) light-chain restriction and expression of 


B-cell-associated antigens (CD19, CD20, CD79a}, CN« 
CD23, CD43, and faint CDI 1c (Table 21-2). An exar 


of a B-CLL immunophenotype is shown in Figure 2) _4 


a 
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FIGURE 21-3 The pathophysiology of CLL. The three 
major processes that typically interact are marrow 
} replacement by long-lived lymphocytes, hypersplenism, 
: and autoimmunity. ITP = immune thrombocytopenic 
: purpura. 


Method 


Immunophenotyping and flow cytometry 


7 


Massive adenopathy 


Infiltration of lymph nodes 


ACCUMULATION OF LONG-LIVED AND 


POORER: FUNCTIONING LYMPHOCYTES 


Impaired 
immunologic 
activity 


Splenomegaly 


Hypersplenism 


pie joimmune- 


TABLE 21-1 Methods Used to Study Lymphocytes in Lymphoproliferative Disorders 


phenon menon i 
ph nenon ear 
Hypogammaglobulinemia 
| ye 
: Thrombocytopenia 
Infection Neutropenia 
Autoimmune hemolytic anemia (AIHA) 
ITP 
Immune neutropenia 
Marker Detected or Feature Demonstrated 


Various differentiation antigens (CD ae tarsi on B eels and/or T cells using 
monoclonal antibodies 


Digital Drop PCR 
Next generation sequencing 


Other molecular methods — 


Cytogenetics; Fluorescent in situ hybridization 


Cytochemistry 


Chronic lymphocytic 
leukemia/small 
lymphocytic lymphoma 


de novo Prolymphocytic 


leukemia 
Cyclin D1 


Common Phenotype 


(019+, CD20+, CD5+, CD22(—/+), CD23+, 
CD10(—), CD11¢-/+, CD43+, clonal sigM 
and slgD weak; BCL2 overexpressed 


CD19+,CD20+, CD5(—/+), CD22+, CD23(-), 
CD10(-), bright clonal sig; Negative 


Rearrangements of the B-cell Ig and T- cell receptor genes, detection of minimal 
residual disease 


Consistent chromosomal abnormalities such as t(;14)-B-ALL, Burkitt's lymphom™: 
t(14;18)-follicular lymphoma; 13q14 deletion—CLL, SLL; t(11;14)-mantle cell 
lymphoma; t(4;11)-B-ALL | 
Tartrate-resistant isoenzyme 5 of acid phosphatase 9 hairy cells 


Terminal deoxynucleotidyl transferase (Tdt) in 8/7 ALL 


CD20+ dim 
_ Trisomy 12, 17P* 
Bright slg, CD20, FMC7 


ially 
Similar to CLL, but espe 


CD20 and FMC7 bright 
7P53 mutation 


—_ 
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t(11;14) 


D10(—), CD43+, moderate clonal slg (IgM > IgD) 


(D19+, CD20+, CD5(—), CD22+, CD10+, 


CD11c(—), CD43(-),CD23(—/+), bright 
clonal sig 


CD10 negative <20%, BCL2 t(14;18), del(17p) 
overexpressed 


Clonal evolution 


CD19+, CD20+, CD5(-/4),CD22+ cD23(-), 
CD10(-), CD11c+, CD25(-), CD103(-), 


inal zone and 


associated lymphomas 


TRAP weak positive Trisomy 3 


019+, CD20+, CD5(—),CD22+, CD23(-) 
CD10(-),CD11c+, CD25+, CD103+, 
moderate clonal sig; TRAP positive 


Hairy cell leukemia 


a 


BRAFV600E mutation 
MAP2K2 mutation 


DR(-), CD19(—), CD20(-/+),CD22(-), 
CD38+, CD56+/— CD138+, clonal cg 


Plasma cell dyscrasias 


Bright CD38,CD138anddim |MYD88 mutation, add(14) 
CD45— sensitive marker (q32), total loss chromosome 13, 
3q27, 17q24—25, and 20q11 


‘Bold type indicates distinguishing feature; +/— = variable, more often positive; -/+ = variable, more often negative; (—) = negative; DR = HLA-DR; sig = surface Ig; clg = 


foplasmic ig, BCL2 gene expression, TRAP = tartrate resistant acid phosphatase. 
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Ng k light-chain clonality with a 15:1 ratio of « tod 
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In atypical CLL, CD19* B cells are positive for CD5 
but do not express (or express at very low density and in 
low percentage) CD23 and/or show high levels of CD20 
expression (CD20 bright). The absence of t(11;14) must be 
confirmed to exclude mantle cell lymphoma (MCL) as the 
diagnosis.'! 

Of particular interest is the unique expression of CD5 in 
B-CLL. Expression of CD5 is normally seen on T lympho- 
cytes and on the majority of B cells of early ontogeny such 
as cord blood cells; however, normally less than 20% of B 
cells in adult human peripheral blood express CDS. The pre- 
cise functional role of the CD5 molecule is unknown. CD5 has 
been shown to physically associate with the antigen-specific 
receptor complex present on both T and B lymphocytes.* As 
mentioned earlier, T-CLL/T prolymphocytic leukemia is rare 
but can be distinguished from B-CLL on the basis of differ- 
entiation antigens. Immunophenotypic marker expression and 
gene rearrangement during normal T-cell ontogeny helps dis- 
cern the two types. 

The demonstration of slg in B-CLL was mentioned ear- 
lier and is, in fact, the classic marker for B cells. The detec- 
tion of a predominance of either k or A light chains by the B 
cells indicates monoclonality. Markers for the diagnosis of 
CLL: CDS, CD19, CD20 and CD23 are regarded as essential.‘ 
A typical example of a T-PLL immunophenotype is shown in 
Figure 21-5. 


> ADVANCED CONTENT 


When the conventional immunophenotypic techniques 
to reveal the nature of the lymphoid neoplasm, clon 
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FIGURE 21-5 Flow cytometric analysis of T-prolymphocytic 
leukemia (T-PLL). Leukemic peripheral blood lymphocytes 
are gated by CD45-side scattered analysis. Comparison of 
CDS5 versus CD19 shows a predominance of CD5-positive 
cells (upper panel). Comparisons of CD3 versus CD4 and 
CD3 versus CD8 demonstrate a predominance of CD4+ 

T lymphocytes (middle panel). CD4+T lymphocytes also 
express CD7 antigen (lower panel). 


CD3 PE 


, malignancy can be investigated using molecular methods. 
fonoclonality rather than polyclonality (the presence of a 
of x- and \-bearing B lymphocytes) is a feature of 
yy malignancies, including CLL; however, it is not, per 
se, indicative of malignancy. Analogous to the detection of 
Ig gene rearrangements in B cells is the ability to detect 
rearrangement patterns of the genes coding for the T-cell 
‘receptor (TCR), the antigen-specific surface molecule 
characteristic of T cells.’ Next-generation sequencing 
(NGS) has become the predominant method of evaluating 
the mutational status of B-cell and T-cell receptors, though 
recently detection of T-cell clonality has been demonstrated 
by flow cytometry.”””” With NGS, the unusual case of CLL 
that cannot be diagnosed and classified by morphology and 
cell markers can now be characterized. It must be stressed 
that it is extremely important that the final diagnosis of any 
lymphoproliferative disorder be made as a result of com- 

site information from clinical data in addition to morpho- 
logical, histologic, and immunological analysis. 

Although CLL is generally characterized by an elevated 
white blood cell count in which there are abundant lymphocytes 


CD45 PerCP 


1060ADD.002 


1 


CD8 FITC 


CD4 FITC 


1060ADD.005 


1060ADD.004 


CD4 PE 


CD7 FITC 


Jow, mole 
itivity. De 


to analyze, if the number of neoplastic cells is 
ular methods can be applied to improve sensitiv’: © 
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detecting low numbers of malignant clones witht 
plex mixture of normal cells.*’** More commonly, ve i 
quantitative PCR or NGS is used.2”" This is vn 
detecting minimal residua! disease in patients Lae 
previously been treated for CLL (or other leukers” 
phomas) but who currently lack histopathologi® ‘sil 
of relapse.?*° The purpose of detecting mins 
disease is to identify as early as possible those ree i 
will subsequently have a relapse but who cur gett re 
only 1% to 5% malignant cells present OF ae wat? 
rangements present in malignant clones at red 
fication to be detected. 
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Clinical Findings 504 
Unlike acute leukemia, the signs oe disease "0 
| for the 45° 


develop gradually, and the onset of 
to pinpoint. In fact, it is not unusu@ 


CHAPTER 21 Chronic Lymphocytic Leukemia and Related Lymphoproliferative Disorders 


, discovered during the course of a routine visit 
gocidentall 6 The duration of a relatively asymptomatic 
os fa js extremely variable. Unexplained absolute 
jstent lymphocytosis; cervical, supraclavicular, or 
: jymphadenopathy; and splenomegaly are the earli- 
lary ohCLL. The clinical course is indolent, but as the 
progresses, chronic fatigue, recurrent or persistent 
aeons, and easy bruising are the consequences of ane- 
Be str openia, B-cell immunological dysfunction, and 
mia, bocytopenia. Hepatomegaly may accompany spleno- 
12.13 Dermatological manifestations such as nodular 
diffuse skin infiltrations, erythroderma, exfoliative der- 
matitis, and secondary skin infections may occur.'%3! Leu- 
femic lymphocytes may invade unusual locations such as 
the scalp, orbits, subconjunctivae, gums, pharynx, pleura 
and lung parenchyma, gastrointestinal tract, prostate, and 


gonads.'°°! 


Laboratory Testing and Results 


The requirements for the diagnosis of CLL have undergone 
revision since earlier criteria were established by Rai and 
colleagues* in 1975 and Binet and colleagues in 1981.* 
The International Workshop on Chronic Lymphocytic Leu- 
kemia, the World Health Organization, and the Interna- 
tional Consensus Classification all recommend a minimum 
peripheral blood B-cell lymphocytosis of 5,000 cells/1L 
(5 X 10° cells/L) along with a 30% lymphocytosis of the 
bone marrow, consisting of morphologically mature- 
appearing lymphocytes.*-7*4 
ia, when it occurs, is usually normochromic and 
Rommocytic, with a normal or low reticulocyte count. Autoim- 
.. hemolytic anemia may precede, accompany, or follow 
development of CLL and be characterized by a second- 
*Y reticulocytosis, a positive direct antiglobulin test, and an 
eat indirect serum bilirubin level. A decreased platelet 
‘Snot uncommon in CLL and is related to bone marrow 
hotieg ue? leukemic cells, hypersplenism, and platelet 


ii ‘s lymphocytes of CLL my be morphologically 
 suishable from normal mature lymphocytes when 
Imphoeyiec Wright’s stain, Alternatively, the leukemic 
Slumping wy; May have exaggerated nuclear chromatin 
Rates 'th numerous dark-staining chromatin aggre- 
inin ted by light-staining areas of parachromatin. 
the mucy, en that results from the contrast between 
Pattern of matin and parachromatin resembles the sur- 
Yoog lymph, # Soccer ball. The morphology of peripheral 
‘Ow panics in CLL is duplicated in the bone mar- 
ere biopsy specimens. Prolymphocytes may 
d eo as medium-sized cells with a round 
€rately condensed nuclear chromatin. A 

ec 


ne 
Prominen 
to 
entage amount of faintly basophilic cytoplasm.” 


be 
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mph te. ME to disease progression, with increased 
tim 
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The extent of marrow infiltration varies from patchy accu- 
mulations of lymphocytes to diffuse sheets that involve the 
entire marrow space. The pattern of bone marrow involve- 
ment is categorized into three types: nodular, interstitial, and 
diffuse, but combinations of these types also occur.''!* The 
nodular pattern (Fig. 21-6) is characterized by distinct, ran- 
domly distributed aggregates of small lymphocytes. In the 
interstitial pattern, the lymphocytes infiltrate the interstitium 
to a greater or lesser degree without displacement of fat cells. 
The nodular and interstitial patterns are usually accompanied 


| by preservation of normal hematopoiesis. In the diffuse pat- 
| tern (Fig. 21-7), the entire bone marrow space between bone 


trabeculae is replaced by small lymphocytes. The life expec- 
tancy is significantly longer in patients with a nodular or an 


interstitial pattern than in those with a diffuse pattern.** 


The disruptions to the immune system stem from the 


_ interactions inherent in the complexity of the immune sys- 
_ tem coopted by the malignancy.'*'? Changes in the immune 
| system affect both innate and adaptive immunity. Neutro- 


phils, as a result of constant inflammatory signals, become 
nonresponsive to pathogens, resulting in enhanced risk of 
infection. By similar mechanisms, NK cells become non- 
functional or are induced to apoptosis during activation. The 
chronic cytokine profile liberated by the CLL environment 
serves to reduce levels of some complement components. 
Dendritic cell are induced to alter their phenotype to a rela- 


_ tively refractory state commonly found in tumor associated 


macrophage. Again, through antigen-induced nonrespon- 


| siveness, regulatory cells, especially T. and myeloid- 
_ derived suppressor cells, expand and T-helper cells display 


markers of exhaustion. The combination of these features, 
along with others, serve to weaken immune surveillance, 
creating both an increased risk of infection due to immune 
suppression and an increased probability that self-reactive 


| immune cells will escape negative selection or clonal dele- 


j 


| FIGURE 21-6 Photomicrograph of bone marrow biopsy section showing 
| involvement by CLL, nodular pattern, characterized by distinct, randoene, 


tion resulting in autoimmunity.'*"? 


vity 


" distributed aggregates of small tymphocytes. 
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e between bone trabeculae is replaced by small lymphocytes. 


_ Genetic Abnormalities and Molecular 
Pathophysiology 
_ Conventional cytogenetics are inadequate for the investigation 
of chromosomal abnormalities in CLL as the vast majority of 
cells are in the GO/G]1 phase of the cell cycle, are relatively qui- 
_ escent, and not all changes can be visualized with G-banding. 
Fluorescent Jn Situ Hybridization (FISH) is used to detect 
both gross and cryptic chromosomal abnormalities in initial 
diagnosis and subsequent studies on the same patient.” 
The most common chromosomal abnormality in B-CLL is 
_ deletion at chromosome 13q14.'*?’ The 13q14 region encom- 
__ passes the DLEU locus that harbors sequences for noncoding 
As MIR15a and MIR16-1.'!** These noncoding RNAs are 
e regulators of BCL2 expression. Thus, their deletion 
at least in part, the overexpression of BCL2 in a 
‘of CLL cases. Most 13q deletions are undetectable at 
netic level but are detectable in more than 50% of 
cases with the use of FISH for the 13q14.3 and 13q34 
s.* Patients with 13q14 deletion as the sole cytogenetic 
ality tend to have a more favorable prognosis.” 
in the long arm of chromosome 17 (17q-), which 
s the genomic locus of 753, is found in CLL.” This 
mmosomal abnormality is identified as an independent 
prognostic marker for more aggressive disease, Similarly, 
mutations within 7P53 itself confer a less favorable prog- 
nosis.’ P53 expression is stimulated by DNA damage or 
other oncogenic stressors, and P53 halts the cell cycle until 
the damage is repaired, preventing propagation of cells with 
chromosomal! damage.’ Loss of 7P53 or P53 function allows 
the cell to progress through the cell cycle in the presence of 
DNA damage or oncogenic stress, Loss within chromosome 
11g is a recurring cytogenetic abnormality, usually associated 
with loss of the Afaxia Telangiectasia Mutated gene locus 
(ATM) and is also associated with a poor prognosis.” These 
abnormalities are related in that ATM is a negative regulator 
of MDM2. MDM2 is a ubiquitinase that ubiquitinates P53, 
marking it for degradation. In the absence of ATM, MDM2 


OLNOS 


function is no longer inhibited, and p53 ied 
. e 

the context of signals that would normally ¢ en 
arrest or apoptosis if P53 were present and Abeiper Ce oy 

Trisomy of chromosome 12 (in up to 250% Pie ; 
fourth cytogenetic abnormality commonly fo 28S) ig 
This chromosomal aberration is associated a in CU 
prolymphocytes and more rapid progression ode Meteag, 
NOTCH1/2 activation is common in conjunc € diseaes 
somy 12.41 NOTCH signaling drives prolifera, With ty 
malignant clone by directly activating cell cycle a Of 
as well as upregulation of cellular receptors that fe hey 
proliferation and survival.37” cg 

Genetic abnormalities, including the most 
chromosomal abnormalities and gene rearrangem 
listed in Table 212. The presence of multiple chro 
abnormalities in B-CLL has been implicated as a poo, m 
nostic indicator. Other common genetic changes badd 
CLL include mutation of SF3B/ (Splicing Factor Pe 
which drives utilization of cryptic spicing sites in mRNA 
and mutation of BIRC3 gene (Baculoviral IAP repeat cy, 
taining 3), which is a negative regulator of NFkB (Nucley 
factor kappa B) signaling.” None of the proto-oncogene 
involved in the pathogenesis of other mature B-cell mal. 
nancies, including BCL2, B-Cell Lymphoma 6 (BCL; 
Paired Box 5 (PAXS5), and c-MYC, show frequent primay 
alterations in CLL.*” 
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Clinical Course, Prognostic Factors, 

and Staging 

The overall median survival for CLL is currently estimate! 

10 years; 86% of patients are living 5 years after diagnoss 

whereas more than 70% have a 10-year survival.“ CLL 

be an indolent disease with an asymptomatic presentation 

may not require any treatment until progressive Iymphoe 
. . ath 

tosis of the peripheral blood and marrow, lymphadenops> 

splenomegaly, anemia, neutropenia, thrombocytopen ” 


immune phenomena, and infection develop. This my Be 
late as 10 to 15 years after the initial diagnosis. In Cag 
those with an indolent course of disease, approximately 
of patients with CLL have a very aggressive daa 
that progresses rapidly from initial diagnosis and so 
death within 1 to 2 years.” The wide variation sol 
patients is not fully understood, but clinical and pal 


; , atient’S poe 
data have been used to try to predict the CLL pat! 


nosis and identify various stages and risk groups 


. < : . etages O th f 
Patients diagnosed with CLL in the early yea we 
(0-1) or Binet system (A,B) do not require we Si 
ment; however, when the signs and symptom © 


aytic W if 
tg aR sin therapeutle © get 
disease appear, it is time to begin =i Pmptorts ide r 
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Treatment whe @ 


Major physical and clinical signs 49 ow 
advancing disease, These include progressive . newt, , 
with resulting anemia; thrombocytopen"* = de 
progressive lymphocytosis; progressive : 


enlarging spleen; autoimmunity (auto 
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gystem,” the Binet system,*’ and the International 
a ProniGLl system™ are the three major staging sys- 
eye oped for CLL; however, only the Rai system is 
in the United States. The Rai and Binet stag- 
along with median survival for each system by 
» are shown in Table 21—3. Staging systems for CLL 
- cnfficient for predicting a clinical course as indolent 


an 12 months* and a nondiffuse pattern of bone marrow 
. infiltration,” along with a Rai stage of 0, I, 


TABLE 21-3 Staging Systems for Chronic 
Lymphocytic Leukemia 


Clinical Features 


Lymphocytosis in PB and BM 
(=5 > 10° lymphs/L in PB, 
=30% lymphs in BM) 


Intermediate Lymphocytosis + enlarged 


lymph nodes 


Intermediate Lymphocytosis, + enlarged 
spleen or liver, +/— 


lymphadenopathy 


Lymphocytosis + anemia 
(Hgb < 11 g/dL) +/— enlarged 
nodes, spleen, liver 


Lymphocytosis + thrombo- 
cytopenia (platelets < 100 x 
10°/L) 4/— anemia 
+/— organomegaly 


Two or fewer node-bearing 

regions, no anemia or throm- 

bocytopenia (Hgb 210 g/dL, 
platelets >100 x 10°/L) 


Three or more node-bearing 
regions + no anemia or 
=. : thrombocytopenia 


Anemia and/or thrombocyto- 
penia independent of 
regions involved 


b 3am Palpable spleen and liver. 
"eral bloog: eM, Of age and sex-matched (French) population 
= bone marrow; Hgb = hemoglobin 
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or II. A short LDT (less than 12 months), a diffuse lym- 
phocyte infiltration of the bone marrow (see Figure 21—7), 
a Rai stage of III or IV, an elevated level of serum B,- 
microglobulin, elevated level of soluble CD23 in serum, 
and the presence of chromosomal abnormalities are asso- 
ciated with a more progressive clinical course and shorter 
survival duration.'* 

Mutation of the immunoglobulin heavy chain variable 
region (IGHV) is an important prognostic tool.''!*?”*° CLL 
B cells that arise before undergoing somatic hypermutation 
of the immunoglobulin genes (unmutated) show a differ- 
ent mutational landscape compared with those arising after 
somatic hypermutation (mutated).*”““Unmutated” CLL tends 
| to have a worse prognosis than “mutated” CLL. *’ High 
| expression of ZAP-70 (a tyrosine kinase) in a subset of 
| patients with chronic lymphocytic leukemia (CLL) is asso- 
i ciated with an unfavorable disease outcome (Fig. 21—8).** 

i The parameters shown in Table 21-4 have been identi- 
| fied as independent prognostic markers. However, the meth- 
__ ods for measuring some of these parameters (soluble CD23, 
serum thymidine kinase activity) are not fully standardized 
and not feasible in most clinical laboratories. Further, NGS, 
| along with other molecular methods, has demonstrated 
| prognostic associations with changes in Notch Receptor | 
(NOTCH1), Splicing Factor 3B1 (SF3B1), Baculoviral [AP 
repeat containing 3 (BIRC3), as well as TP53. The pace 
of discovery of genetic changes in this and many other 
diseases will continue to accelerate as more advanced 
| studies are performed using complex molecular analyses of 
diseases. 
| Several types of transformation in B-CLL have been 
| described, including prolymphocytoid transformation, 
| which is relatively low grade and slowly progressive; 

Richter’s transformation (diffuse large-cell lymphoma), 

which is rapidly progressive and accounts for about 5% of 
| all deaths in CLL;*** and acute leukemia. Transformation 
| to acute leukemia is unusual in CLL. Most patients with 


| FIGURE 21-8 immunohistochemistry ZAP-70 (Zeta chain-associated 
protein kinase-70) expression in CLL cells indicates poor Prognosis, F 
cytometry can also be used to detect ZAP-70 expression 
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TABLE 21-4 Leukemia-Cell Parameters Associated With 
Aggressive Disease Independent of the Disease Stage 


Reference 


Deletion in chromosomes 
11 (ATM locus) or 17 (TP53 
locus) or Trisomy 12 


Kikushige, et al.’, Scarfo, et al."’, 
Lee, et al.'5, Catherwood , et al.”, 
Hallek**; Zakrzewska, et al."®, 
Milne, et al.” Kittai, et al. 
Swerdlow, et al.*! 


Lack of somatic mutations in 
the expressed immunoglob- 
ulin VH-genes 


Kikushige, et al.4, Scarfo, et al."', 
Lee, et al.!5, Hallek**; Zakrzewska, 
et al., Milne, et al.”, Kittai, 

et al.°, Swerdlow, et al.”’ 


Kikushige, et al.*, Scarfo, et al."', 
Lee, et al.'5; Zakrzewska, et al.*®, 
Milne, et al.%, Kittai, et al.°° 


Scarfo, et al."', Hallek*, 
Swerdlow, et al", Morabito, et al.® 


NOTCHT, SF3B1, MYD88, or 
BIRC3 mutations 


Short lymphocyte doubling 
time (less than 12 months) 


Elevated serum levels of 
82-microglobulin 


Swerdlow, et al.°" 


Elevated serum levels of 
soluble CD23 


Swerdlow, et al.>" 


Elevated serum thymidine Swerdlow, et al.*! 


kinase activity 


Leukemia cell-surface 
expression of CD38 


Zakrzewska, et al.* Kittai, et al.*° 


CLL die with residual leukemia and usually succumb to 
infection or a cause totally unrelated to their CLL, such as 
cardiovascular disease.*? The onset of the terminal trans- 
formation of CLL is suggested when there is a prolifera- 
tion of a new population of prolymphocytes: larger cells 
with immature-appearing morphological features, a finer 
nuclear chromatin pattern, and a prominent nucleolus. This 
morphological transformation is often accompanied by the 
appearance of complex chromosomal changes that were not 
present earlier or are in addition to the commonly present 
trisomy 12. The proliferation of a more malignant clone of 
cells is accompanied by an increasing resistance to therapy 
and an exceptionally poor prognosis.” A variety of tech- 
niques are available to help determine whether the trans- 
formation represents a clonal evolution of the original CLL 
or an independent disease; these include cytogenetic analy- 
sis, immunoglobulin gene rearrangement studies, and anti- 
idiotypic antibodies.™ 

Molecular studies have shown that the development 
of Richter’s syndrome in CLL may represent either the 
identical clone of cells present in the preceding CLL or 
a different malignant clone.** In addition, mutated P53 
(as opposed to deletion), a tumor suppressor gene that 
is frequently mutated in a variety of human cancers, has 
been discovered in 15% of CLL patients and in as high 
as 60% of patients with Richter’s syndrome.* The close 


_ association of p53 with transformation of ¢ 
' very aggressive lymphoma is also a Prognc HL, IMtg 4 
_ tor for resistance to chemotherapy by 9 ag INdicg 
normal programmed cell death (apoptotic Setee yi 
tumor cells.* ) Path 


Sip 
r 


Way 


Treatment varies with respect to age, fitness and 
ular genetic characteristics of the disease, 4 tet the. 
targeted therapeutics have advanced the treatment me 
and improved overall survival (Table 21-5), These i. . 
anti-CD20 antibodies, Bruton’s tyrosine kinase (BTk) 7 
itors, phosphoinositide 3 kinase (PI3K) inhibitors, ang es 
inhibitors." For patients that are candidates for chen, 
therapy, fludarabine and cyclophosphamide are mos, - 
combined with the first generation anti-CD20 antibody Ri 
uximab (FCR) as a first-line therapy. This combination ( Fc 
is effective in inducing remission and 2-year progression-s 
survival in more than 70% of cases.** Alternatively, bend 
mustin and rituximab (BR) can be combined as a therapeutic 
regimen. This combination yields slightly shorter prog. 
sion-free survival but is better tolerated than the FCR ree. 
men.% Later generation anti-CD20 antibodies are specitic fr 
separate epitopes on the CD20 molecule and have fewer sit 
effects compared with rituximab. These are also being ine 
tigated as first-line therapeutics. 

BTK inhibitors target the essential tyrosine kine 
involved in B-cell receptor signaling.*’ These inhibitors show 
efficacy in inducing remission in some patients alone or 
combination with other drugs. PI3K inhibitors have be 
shown most effective in progressive disease that is ua 
sponsive to conventional therapies.” BCL2 inhibitors hay 
known toxicities and are not well tolerated in many pate 
Thus, these are reserved for progressive disease in the 


TABLE 21-5 Therapeutiés inehronic Lymphocytic 


Leukemia #3 


Mechanism Therapeutic 
Anti-CD20 antibodies Rituximab 
>binutuzumab 
Ofatumumab 
Bruton’s tyrosine kinase (BT! brutinib 
inhibitor Acalabrutinib 


Zanubrutinib 


Phosphoinosotide-3-Kinase idelalisib 

(PI3K) inhibitor Duvelisib 
Umbralisib 

B-cell lymphoma 2 (BCL2) Venetoclax 


inhibitor 


on™ 
Jopho** 
Combination chemotherapy Fludarabine/Cy’ fi 
regimens Rituximab | atu ‘ 
Bendamustines 


Rai system 57 As first-line therapy for patients 
jn the chromosome 17 or the 7P53 gene locus, 
et jging agents (FCR, BR) should be avoided and 
molecular therapeutics favored to avoid exacerbat- 
5c instability associated with mutant TP53.*5 For- 
mith the development of the targeted therapeutics, 
ants can expect prolonged survival without many 
; ‘complications that plagued this disease before their 
ent, such as massive splenomegaly requiring sple- 
or radiation therapy. The initial management of 
with CLL according to Rai staging groups is sum- 
in Table 21-6. 
, addition to chemotherapeutic intervention, the use of 
ous gamma globulin therapy prevents major bacterial 
as. and the immunosuppressant cyclosporine aids in 
ention or treatment of red cell aplasia, both of which 
agement problems in patients with CLL. 


oft 


ential Diagnosis 

ously outlined in Table 21-1, CLL is a lymph- 
dliferative disorder that must be differentiated from 
& malignant or reactive lymphoid proliferations 
21-7). The differential diagnosis includes acute 
lastic leukemia (ALL); prolymphocytic leukemia 
defined by the ICC; non-Hodgkin’s lymphomas in 


Treatment Options for Chrenic 
cytic Leukemia 


Treatment Options 


Observation only 


Ibrutinib OR 
Venetoclax + 
Obinutuzumab 
OR Idelalisib + 
Rituximab 
Mutated FCR OR Ibrutinib 
OR BR if >65 yrs 


Unmutated —_ Ibrutinib OR FCR 
OR BR if >65 yrs 


Mutated Venetoclax + 


Pati Obinutuzumab OR 

5 ent Chlormabmucil + 
Obinutuzumab OR 
Ibrutnib 


Unmutated Venetoclax + 
Obinutuzumab 
OR Ibrutnib OR 
Chlormabmucil + 
Obinutuzumab 


Adana Sydlophos ee 
Mom Halley, Phamide, Rituximab; BR = Bendamustine, Rituximab 
et al 
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leukemic phase, especially mantle cell lymphoma (MCL); 
small cleaved-cell lymphoma (SCCL); hairy cell leukemia 
(HCL); Sézary syndrome; T-cell large granular lymphocytic 
leukemia; and reactive lymphocytosis (Fig. 21-9).2°° The 
morphological and immunological characteristics of these 
lymphoproliferative disorders are shown in Table 21~7. In 
addition to these disorders, other hematologic malignan- 
cies may be confused with CLL. These include adult T-cell 
leukemia/lymphoma (ATLL) and Waldenstrom’s macro- 
globulinemia.* 

The diagnosis of CLL requires a sustained absolute 
lymphocytosis of mature-appearing lymphocytes in the 
absence of other causes. The diagnosis of CLL is estab- 
lished when the peripheral blood lymphocyte count is 
5 X 10° or more cells/L (which is typically the case); 
lymphocyte infiltration of the bone marrow is more 
than 30% lymphocytes of all nucleated cells; and the 
circulating lymphocytes have a B-CLL immunopheno- 
type. When lymphocyte counts are between 5 X 10° and 
10 X 10°cells/L,the presenceofbothbonemarrow infiltration 
of more than 30% lymphocytes and B-CLL immunophe- 
notype (dim CD20+, CD19+/CD5+, CD23+, FMC7-, and 
weak surface intensity Ig) is necessary for the diagnosis 
Osis ees 


CLL versus ALL 

The distinction between CLL and ALL is easily made in most 
instances based on morphological differences of the prolifer- 
ating cell population and immunophenotype (Fig. 21-9A 
and B). The difference between the smoother nuclear chromatin 
pattern of the lymphoblast in ALL and the heavy condensa- 
tion of nuclear chromatin in the CLL lymphocyte is readily 
appreciated when examining an appropriate monolayer area 
or feather-like edge of a well-stained blood smear. Lympho- 
blasts show positive expression of the nuclear enzyme ter- 
minal deoxynucleotidyl transferase (TdT) and are typically 
CD10-positive. B-CLL cells are TdT-negative, CD10-negative, 
and CD5-positive.*! 


B-Prolymphocytic Leukemia 

B-Prolymphocytic leukemia (B-PLL), as defined by the ICC, 
is characterized by a predominance of circulating prolym- 
phocytes (greater than 55%, usually greater than 70%).° 
Prolymphocytes are larger, less mature-appearing cells than 
the typical lymphocytes seen in CLL, with moderately con- 
densed nuclear chromatin and a prominent vesicular nucle- 
olus (Fig. 21-9C). The clinical and laboratory features that 
make PLL a distinct lymphoproliferative disorder include 
extreme leukocytosis (often greater than 100 X 10° cells/L) 
and prominent splenomegaly without lymphadenopathy.® As 
in all disorders accompanied by leukocytosis, morphologi- 
cal detail of the predominating cell may not be appreciated 
unless appropriate areas of well-stained blood and bone 
marrow smears are examined. Prolymphocytes may be seen 
in patients with CLL but account for less than 10% of the 
circulating cells (Fig. 21-9D). When 11% to 55% prolym- 
phocytes are present, a mixed-cell type of CLL, designated 
CLL/PLL, is diagnosed.* This category includes paticni< 
with prolymphoid transformation. 
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ic lymphocytic leukemia (CLL). B, Acute lymphoblastic 
£, Small lymphocytic lymphoma (SLL) in leukemic phase 
|, Adult T-cell leukemia/lymphoma. J, T-gamma lymph 
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FIGURE 21-9 Cont'd 


TABLE 21-8 Typical Features of Chronic Lymphocytic 
Leukemia 


Patient >50 years of Age, 
Lymphadenopathy, Lymphocytosis 


Clinical Features 


Morphology 


Mature-appearing lymphocytes in 
blood and marrow, often showing 
hyperclumped nuclear chromatin 
pattern; smudge cells 


Positive sig, CD19, CD20, CD5, 


Immunophenotype 


Treatment Varies from no treatment to 
use of single or combination 


Prognosis 
survival 


Differential diagnosis ALL, PLL, MCL, SLL, SCCL, HCL, 
Sézary syndrome, LGL, ATLL, 
Waldenstrom’s macroglobulinemia, 

viral infection 


ALL = acute lymphoblastic leukemia; PLL = prolymphocytic leukemia; MCL = mantle 
cell lymphoma; SLL = small lymphocytic lymphoma; SCCL = small cleaved-cell 
lymphoma; HCL = hairy cell leukemia; LGL » large granular lymphocytosis; 

ATLL © adult T-cell leukemia/lymphoma, 

Source; NEW, edited Table 20-9, pg 460 from Sth ed, 


> ADVANCED CONTENT 


Small Lymphocytic Lymphoma 

Small lymphocytic lymphoma (SLL) is the nodal count 
part of B-CLL. It is a diffuse non-Hodgkin's lymph 
characterized by neoplastic transformation of small Bly 
phocytes (Fig. 21—10). Refer to Chapter 22, Lymphoms 


— 
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yy mphoma 

Be rehome (MCL) arises from the centrocytes 
mantle zone of lymphoid follicles. In the lymph 
usually exhibits a diffuse pattern with complete 
vant of lymph node architecture.*’ It can also form 
ar or mantle zone pattern. MCL is composed of a 
neous population of small- to intermediate-sized 
ic lymphoid cells, usually slightly larger than nor- 
aphocytes. The nuclear characteristics and cytology 
ne cells are variable: round to clefted nuclear contour, 
to disperse, and blastoid chromatin. * 

_ involves the peripheral blood in up to 25% 
and the peripheral blood count may exceed 
0° cells/L. °° Under these circumstances, morpholog- 
gnition of MCL and its distinction from CLL/SLL 


1365WH.008 


CD19 PE 


are difficult. Identification of these two entities is important 
because MCL is considered to have a poor prognosis. with a 
median survival of 3 to 5 years. Bone marrow involvement 
may also occur with or without peripheral lymphadenopa- 
thy. MCL shows diffuse or focal bone marrow involvement 
(paratrabecular and nonparatrabecular). 

Neoplastic lymphoid cells in MCL cells are exclusively 
of B-cell lineage. The common immunophenotype of this 
lymphoma is shown in Table 21-4. In contrast to B-CLL, the 
cells in MCL lack expression of the CD23 surface antigen.” 
A typical example of the MCL immunophenotype is shown 
in Figure 21-11. The bright slg expression and positivity 
for CD19, CD20, CDS, and FMC7 are characteristic. This 
immunophenotype also distinguishes MCL from follicular 
lymphoma, which are CD10+ and CD5+ (see Table 21-3). 
In most cases, a distinctive chromosomal translocation 


1365WH.008 


107 


CD19 FITC 


FIGURE 21-11 Flow cytometric 
analysis of mantie cell lymphoma in 
leukemia phase. Leukemic marrow 
lymphocytes are gated by CD45- 
scattered analysis. The plot of CD5 
versus CD19 demonstrates dual 
positive neoplastic lymphocytes. in 
contrast to CLL, the neoplastic lym- 
phocytes in mantie ceil lymphoma 
show positive staining for FMC? but 
no staining of CD23. Cyclin Dt mm 
nohistochemical stain was posit 
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4(11;14X(q13;q32) may occur” It involves the Ig beavy- 
chain locus on chromosome 14 and the BCL/ locus on the 
long arm of chromosome 11. The hybrid gene is associated 
with overexpression of the cyclin D1 (PR4D 1) mRNA and 
protein. This chromosomal translocation can be detected in 
MCL by FISH analysis (70%) or by PCR (30% to 45%). 
Unlike most other B-cell neoplasms, MCL is cyclin Di+ 
(72% to 100%) as demonstrated using immunohistochemi- 
Cal staining on sections of formalin-fixed tissue** 
Small Cleaved-Cell Follicular Lymphoma 
Small cleaved-cell follicular lymphoma is also a non- 
Hodgkin’s lymphoma consisting of B lymphocytes that 
may be nodular (follicular) or diffuse in distribution™ 
_ (Fig. 21-12) and can progress to a leukemic phase The 
carculating cells of SCCL are morphologically characterized 
by nuclei that are irregular in shape and that demonstrate 
imreguiar clefts, notches, or folds that may traverse the 
entire width of the nucleus (Fig. 21-9F). These abnormal 
lymphocytes typically have very scanty cytoplasm. Com- 
pared with immunological markers in B-CLL, SCCL shows 
CD10 positivity" 
Hairy Cell Leukemia 
Hairy cell leukemia is another form of B lymphocyte— 
derived chronic leukemia and so named because of the 
fine, hairlike, irregular cytoplasmic projections that typ- 
ify the disease (Fig. 21-9G). Pancytopenia is common in 
HCL (unlike the other lymphoid disorders discussed in this 
chapter), along with splenomegaly and marrow fibrosis. 
ja is almost universally found in the periph- 
eral blood of HCL patients. A bone marrow aspirate is 
often difficult to obtain because of associated fibrosis 
(the so-called dry tap). Nevertheless, bone marrow biopsy 
and biopsy touch imprints are essential for diagnosis. The 
bone marrow biopsy shows a loose interstitial lymphocytic 
infiltrate surrounded by a clear cytoplasm that separates 
one cell from another, creating a “fried-egg™ appear- 
ance (Fig. 21-13). The most characteristic cytochemical 
feature of HCL is a strong acid phosphatase reaction that is 


> S 


FIGURE 21-12 Senaii cleaved-cell lymphoma (SCCL) lymph node. 


| res 
A majority of HCL cases harbor the B24F I 
' 


FIGURE 21-13 Hairy cel leukemia (HO) bone macow aoe 


not inhibited by tartaric acid, known 2s the raze 
acid phosphatase (TRAP) stam (Fig. 21-14)° ke 
reactivity with B-cell-associated antigens (D2. Gl 
CD22, CD79a), CD1iic, CD25 (the moncciondl extn 
that recognizes the interleukin-2 receptor, Tac), FMC 
CD103. CD103 is the most useful marker for Game 
ing HCL from other B-cell leukemias. A ppl cat 
of the HCL immunophenotype is shown in Figae 5 
A vanant of HCL with splenomegaly and keine 2 
been described in the ICOC* but is not recognized by B= 
rent WHO classification~ 


mutation. Many cases lacking BR4F metsnen S3* 
strate mutations in the downstream kinase MPL 
variant HCL.“ Although targeted molecular So 
tics are in development for mutant BRAF queresae 
therapies using nucleoside analogs are cutesy 
induce stable remission ¥ it! 
of drug resistance. 


ot significant ee 


; — ‘. raul rae 
FIGURE 21-14 Tartrate-resistant acid pHOSPMBIE | aa! 
Peripheral blood showing positivity in airy <eE 

neutrophdlic, 
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FIGURE 21-15 Flow cytometric 
analysis of hairy cell leukemia. Large 
mononuclear cells in leukemic bone 
marrow are gated by CD45-side 
scattered analysis (left lower pane). 
The plots of CD22 versus CD11¢ and 
CD20 versus CD103 demonstrate 
predominance of dual positive B 
Cells (upper panel). The plots for 
both CD20 and A show A light-chain 
clonality (middle panef. The B ceils 
are also reactive with anti-CD25 
(anti-interleukin-2 receptor) ower 
right-sided histogram). 


CD25 FITC 


CD45 Percp 


Syndrome 


. me is the leukemic phase of the most com- 
ous T-cell lymphoma, mycosis fungoides, and 
: abnormal circulating lymphocytes, 
n A Sézary cell is typically the size ofa 
Chrom.. and has a dark-staining, hyperchromatic, 
to etn Pattern with numerous folds and grooves 
Precing ePriform (Fig. 21-9H). Nuclear folding is 
ted at the ultrastructural level using electron 
©SS common large cell variant of the Sézary 
neutrophil and often larger than a monocyte 


but has the same grooved nuclear chromatin pattern as 
the smaller Sézary cell. The bone marrow is infrequently 
involved. The diagnosis of Sézary syndrome is dependent 
- on the primary diagnosis of the cutaneous T-cell lymphoma 
| mycosis fungoides in the skin, The skin biopsy shows infil- 
tration in the epidermis with an accumulation of atypical, 
' convoluted lymphocytes forming structures called Pautrier 
microabscesses (Fig. 21-16). Immunological marker stud- 
ies of Sézary cells show a mature T-lymphocyte phenotype 
| sith reactivity for CD2, CD3, and CD4 (the monoclon 
antibody that recognizes the helper/inducer subses as 


oo Uy 
Cells 5! 
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FIGURE 21-16 Infiltration of the epidermis and upper dermis by 


lymphocytes, many with convoluted (cerebriform) nuclei, histiocytes, 
and formation of Pautrier microabscesses, characteristic of the cutaneous 


T-cell lymphoma mycosis fungoides. 


T lymphocytes). The detection and amplification of markers 
of T-cell clonality at the TCR and alpha-beta (af) and 
gamma-delta (y5) loci by PCR can significantly improve the 
sensitivity in detecting a clonal T-lymphoid population.2’ 


Adult T-Cell Leukemia/Lymphoma 

Adult T-cell leukemia/lymphoma, common in Japan and the 
Caribbean, is caused by human T-cell leukemia/lymphoma 
virus-1 (HTLY-1). Although there is a large heterogeneity in 
the clinical manifestations of the disease, characteristic clin- 
ical features include generalized lymphadenopathy, hyper- 
calcemia, bone and skin lesions, and 10% to 80% abnormal 
lymphoid cells in the blood and bone marrow.'* The most out- 
standing feature of these abnormal lymphocytes is the highly 
convoluted nuclear shape, which often is “cloverleaf” in 
appearance (Fig. 21-9/). There is marked variation in the size 
of the cells, ranging from that of a small lymphocyte to that 
of a large monocyte. Nucleoli are typically inconspicuous but, 
when present, may be prominent and cause confusion with 
prolymphocytes. The clinical course of ATLL can be acute, 
with a high white blood cell count and survival less than 
1 year; chronic, with a lower white cell count and survival of 
more than | year; or “smoldering,” with a normal white cell 
count and low numbers of abnormal T lymphocytes. As seen 
in T-PLL and Sézary syndrome, ATLL cells show reactivity 
with T-cell—associated antigens (CD2, CD3, and CD5); most 
are CD4+, CD25+ but usually lack CD7.*' Rare CD8+ cases 
have been reported. °' Mutation in the tumor suppressor gene 
p53 is seen in 30% to 50% of patients with ATLL.*! 


Chronic T-Cell Large Granular Lymphocytic 
Leukemia 

Chronic T-cell large granular lymphocytic leukemia (LGL) 
has the morphological distinction of persistent circulating 
lymphocytes that have abundant pale blue cytoplasm with 
azurophilic granules (Fig. 21-9J). Three distinct clinical 
syndromes are now described in patients with an increased 


—— 


number of circulating LGL cells. When LGL cari 
type of T-LGL leukemia (a clonal proliferation of; 

then chronic neutropenia and autoimmunity, eipediaih j 
matoid arthritis, are characteristic. Natural killer [ Gh they. 
mia is characterized by a clonal CD3~ LGL projj feat leuk 
an aggressive clinical course and multiorgan ‘vehi wi 
The majority of patients with increased numbers of CD} 
do not have features of NK-LGL leukemia but rather q Cells 
strate a more indolent clinical course.*! Because quanti 
abnormalities of LGL are fairly common and their prese 
peripheral blood may represent a transient reactive ph 
non associated with viral infections, it is important to 
immunophenotyping and molecular studies, and to comela 
these data with the clinical picture. Oral low-dose methotrey. 
ate alone or in combination with other agents has been shown 
to be an effective treatment for some patients with LGLs 


4 Pheny, 


lative 
NCE in 
nome. 
Perform 


Reactive (Atypical) Lymphocytosis 

Reactive (atypical) lymphocytosis is self-limiting, rary 
exceeds 5 X 10’ cells/L, and is most commonly caused bya 
viral infection such as infectious mononucleosis, viral hepa 
titis, and cytomegalovirus in adults and Bordetella pertusis 
in children. The large reactive lymphocytes that characterize 
viremia are polyclonal and T cell in origin. Abundant cyo- 
plasm that may vary in degree of basophilia from very pale to 
deep blue is the most prominent feature of the reactive lym 
phocyte. These cells often have an irregular nuclear outline 
resembling a monocyte, and the nuclear chromatin is mos! 
coarse (Fig. 21-9K). Reactive B-cell lymphocytosis is rat 
See Chapter 16, which discusses infectious mononucleoss 
and other causes of reactive lymphocytosis. 


Plasma Cell Dyscrasias 
Plasma cell dyscrasias, namely Waldenstrom’s macroglobe 
linemia, multiple myeloma, and plasma cell leukemia, may 


associated with the presence of abnormal circulating plss™ 
cells (Fig. 21-9L). Plasma cells are characterized by a 
dant basophilic cytoplasm, an eccentric nucleus with clump? 
nuclear chromatin, and a prominent perinuclear clear = 
Plasma cells are end-stage B lymphocytes with the ile 
tioned characteristic morphology and distinctive pea 
ical markers, namely, the presence of monoclonal or 

Ig and expression of CD38. Plasina cell disorders are 


extensively in Chapter 23. 


CRITICAL THINKING QUES 1!0'N dso 
' ive di 
21-2 Morphologically, how can lymphoproliferative 
be distinguished from one another? 


, rye nuh, 
The significant clinical, morphological, eee, 
notypic features of CLL, as well as treatmce’s ot? 
differential diagnosis, are shown in Table 4 oc yt058 © 


approach to the differential diagnosis of !y™? 


iyo 


shown in Figure 21-17. disorders 


t fashio" 


In summary, B-cell small! lymphocyte 
diseases that usually present in an indolen 


‘Stratification, Blood 2015;126(4):454-462. 


is. The diagnosis is often made incidentally from a per- 
lymphocytosis, B-cell CLL is a clonal accumulation 

Stitt B lymphocytes caused by failed apopto- 
pression peveneclonal sIg. An unusual feature of CLL is 
Q of the CD5 membrane antigen normally seen on 


inte lymphocytes, The B lymphocytes accumulate slowly 
About halt pee” blood, spleen, liver, and lymph nodes. 
thbulinemia the Patients with B-CLL exhibit hypogamma 

and an increased susceptibility to infection. Red 


. 
-hronig — - 
lif ion Phoproliferative disorders are clonal pro- 
Sally Dati Morphologically and immunophenotypi- 
* Most CLL Bor a lymphocytes. 
© Rai * are disorders of B lymphocytes. 
Workshop on 7 the Binet system, and the International 
Ae the hronic Lymphocytic Leukemia (CLL) 
Major staging systems developed for CLL. 
— of CLL is indolent, but as the dis- 
*s, chronic fatigue, recurrent or persistent 


e 
Clinical 
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117 General approach to the workup of lymphocytosis. ALC, absolute lymphocyte count; BM, bone marrow; MBL, monoclonal B-cell 

Kytosis; CMV, cytomegalovirus; CTD, connective tissue disease; EBV, Epstein-Barr virus; FL, follicular lymphoma; HCL, hairy cell leukemia; HTLV, 
Hymphotropic virus; LGL, large-granular leukemia; LN, lymph nodes; LPL, lymphoplasmacytic lymphoma; MCL, mantle cell lymphoma; MF, 

goides; T-PLP, T prolymphocytic leukemia; SMZ, splenic marginal zone lymphoma; T-leu, T-cell leukemia; VZV, varicella zoster virus. Used with 
on from Paolo Strati, Tait D. Shanafelt; Monoclonal B-cell lymphocytosis and early stage chronic lymphocytic leukemia: diagnosis, natural history, 


cell aplasia, immune-mediated anemia, and thrombocytope- 
nia are also common. 

The course of CLL disease depends on the leukemia bur- 
den, which can be assessed by clinical staging systems. 

Lymphoproliferative disorders caused by T lymphocytes 
are rare. T-prolymphocytic and ATLL are rapidly progressive 
diseases with more aggressive clinical courses, Morpholog- 
ical and immunophenotypic studies, and positive HTLV-1 
serology, are helpful in characterizing these entities, 


infections, and easy bruising resulting from anemia, 
neutropenia, B-cell immunological dysfunction, and 
thrombocytopenia may occur. 

e Laboratory findings in CLL include normocytic, 
normochromic red cells. Lymphocytes are small or 
slightly larger than normal size and have a relatively, 
well-differentiated appearance. Autoimmune hemo- 
lytic anemia may precede, accompany, or follow the 
development of CLL and is characterized by secondary 
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SUMMARY CHART—cont'd 


reticulocytosis, a positive direct antiglobulin test, and 
an elevated indirect serum bilirubin level. 

e B lymphocytes in CLL patients have dysfunctional 
immunoglobulin production, making patients more 
susceptible to bacterial and viral infections. 


e Differential diagnosis includes acute lymphoblastic 
leukemia (ALL), prolymphocytic leukemia (PLL), 


non-Hodgkin’s lymphomas in leukemic phase 
mantle cell lymphoma (MCL), small cleaved-cey 
lymphoma (SCCL), hairy cell leukemia (HCL) I 
Sézary syndrome, T-cell large granular | : 


: E “at Tymphoeyti, 
leukemia, and reactive lymphocytosis, ” 


A 74-year-old black woman was admitted to the hospital 
for high fever. Her past medical history revealed chronic 
obstructive pulmonary disease, hypertension, sickle cell 
trait, and CLL. The CLL had been diagnosed 13 years ago 
and treated with chlorambucil, prednisone, vincristine, and 
bleomycin. She had a fairly recent bone marrow analysis that 
had shown no lymphoid infiltrates. On admission she was 
confused, minimally communicative, and weak. Lab results 
revealed a high white blood cell count, and slightly low red 
blood cell count and platelet count. Hemoglobin and hemato- 
crit were also slightly decreased. Differential white blood cell 
evaluation showed increased neutrophils, including increases 
in bands, as well as mild lymphocytosis. A few segmented 
neutrophils were observed phagocytizing bacteria. 

The patient was thought to be clinically septic and was 
started on clindamycin, gentamicin, and ampicillin therapy. 
Blood and urine Gram stains were positive. 


QUESTIONS: 
1. Are this patient’s lab results consistent with her CLL 
diagnosis? 


CASE STUDY 21-2 


A 64-year-old man with no significant past medical history 
was admitted to the hospital with mild upper abdominal 
pain, malaise, anorexia, weight loss, and low-grade fever 
of 1-month’s duration. He denied having a cough, dyspnea, 
nausea, vomiting, jaundice, or recent viral infection. His 
vital signs were essentially unremarkable except for a mild 
fever of 37.8°C. Physical examination revealed marked 
splenomegaly with no hepatomegaly or peripheral lymph- 
adenopathy. Radiological examination, however, disclosed 
retroperitoneal lymphadenopathy. Laboratory workup 
showed marked leukocytosis (182 X 10° cells/L), throm- 
bocytopenia (71 X 10° cells/L), and anemia (hemoglobin, 
8.1 g/dL). Peripheral blood and bone marrow aspirate 
smears were performed, More than 60% of the leukocytes 
counted in the peripheral blood and 85% of all nucleated 


2. Why might the patient have a bacterial infection? 

3. If the patient has increased neutrophils and lympho- 
cytes, why isn’t she able to fight the bacterial 
infection? 


ANSWERS: 

1. Yes, it appears the patient has a chronic version of 
CLL, which means she is living with well-managed 
slight anemia. 

2. CLL patients are more susceptible to bacterial 
infection because of compromised humoral 
immunity. 

3. The B lymphocytes in CLL patients have a dysfunctos 
that affects the production of immunoglobulins. 


Note: This case illustrates how susceptibility to opp 


tunistic infections and immunological deficiency @ 
affect a patient with CLL. Although patients with CLL 


frequently have a prolonged survival and succumd “2 
unrelated disorder, the course of CLL varies widely 8 
ferent patients. 


al 
A ely . » gescnide 
cells counted in the bone marrow specimen were of 
as “medium to large atypical! cells with distinct rho 
: -Jear ¢ 
plasm, round nuclear contour, dispersed nuclear 


and a single prominent nucleolus.” 


QUESTIONS: 

1. Based on the level of leukocytosis, 
liferative disorder is likely present? 

2. Do the differential findings align W"' 
diagnosis? 

ANSWERS: 

1; PLE 

2. Yes, the lymphocytes are larger. The 
nuclear chromatin and a prominent ® 


— 


which ly mphor 


h this poreati 


re is aise 


ucleolus 


CHAPTER 21 


Chroni ; 
Lymphocytic Leukemia and Related Lymphoproliferative Disorders 475 


ic lymphocytic leukemia is most commonly a 9 


,oo of which white blood cell? + Prognosis is decreased in CLL patients that present: 
a. With indolent disease with asymptomatic 
a. T lymphocytes presentation 
b Neutrophils b. With minimal lymphocytosis 
¢, Blymphocytes c. With aggressive progression of lymphocytosis. 
4. Monocytes anemia, and autoimmune phenomenon 
3, Which of the following statements is true of smudge d. With no anemia 
cells? 10. Which treatment works best in progressive disease 
a. They are larger than normal lymphocytes. unresponsive to other therapies? 
b. They are an artifact resulting from peripheral smear a. Anti-CD20 
slide preparation. b. BCL2 inhibitors 
¢. They are soccer ball—appearing chromatin patterns. c. BTK inhibitors 
d. They are actually monocytes. d. P13K inhibitors 
3, CLL cells typically present with features of activation, 11. Lymphocytosis in peripheral blood and bone marrow 
which include: with CD 20 +, CD 19 +, CD 5 +, and CD 23 + indicates 
a. Lymphocytes smaller in size which of the following lymphoproliferative disorders? 
b. Exaggerated chromatin patterns a. ALL 
c. Lobulated or deep nuclear folds b. PLL 
d Little to no cytoplasm CACLIS 
4, Altered immunity in CLL is caused by which of the Saat 
following? 12. Lymphoblasts are seen in which lymphoproliferative 
a Neutophilia disorder? 
b. Increased production of immunoglobulins a. ALL 
¢. Common development of autoimmune disorders b. PLL 
d Anemia c. CLL 
_5 Which of the following is a B-cell marker? g Sth 
 a2CD19 13. The cells of chronic lymphocytic leukemia are mor- 
b. CD21 phologically identical to those of: 
c. CD8 a. Acute lymphoblastic leukemia 
ad cCD4 b. Small lymphocytic lymphoma 
ia, 5 c. Infectious mononucleosis 
does CLL typically present? d. Sézary syndrome 
“ Women under 50 years 014 : lobulin is th é reliable surf 
b. Acutely with aggressive symptoms 14. Surface pesuunog obulin is the most reliable surface 
© Clearly pinpointed beginning of disease marker for: 


a. T lymphocytes 


Dover 50 years old b. Plasma cells 


?. Which isa laboratory find! sistent with a CLL c. B lymphocytes 

WH Osis? d. Histiocytes 

b. oo count of 2 0 4 oe 15. Cells that demonstrate a positive reaction with the tartrate- 

© High req a lymphocyte count of 39’ resistant acid phosphatase (TRAP) stain are most likely: 
ormal 00d cell count a. T lymphoblasts of acute lymphoblastic leukemia 

Platelet count b. Atypical lymphocytes of a viral infection 
Which is a common B-CLL chromosomal c. Large granular lymphocytes of T-gamma lymphop- 
lity? roliferative disorder 
® 13414 deletions d. Hairy cells of hairy cell leukemia 
c ingany 2 hs boo 
| 4 is anslocation See answers at the back of this boo 

53 deletion 
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CHAPTER OUTLINE 

Hodgkin Lymphoma Pathology 

Epidemiology, Etiology, and 
Pathogenesis 

Pathology 

Clinical Findings 

Staging and Treatment 


Lymphomas 


Neoplasia 
Clinical Findings 


Non-Hodgkin Lymphoma 
Epidemiology, Etiology, and 
Pathogenesis 


LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


22-1 Differentiate lymphomas from leukemias. 
Explain the postulated causes of Hodgkin lymphoma. 


Describe the morphological and immunophenotypic 
features of Reed-Sternberg cells as the hallmark for 
microscopic diagnosis of Hodgkin lymphoma. 


22-3 


Correlate specific Reed—Sternberg cell morphologies 
with subtypes of Hodgkin lymphoma. 

22-5 Describe the clinical findings of different subtypes of 
Hodgkin lymphoma. 


22-6 List the chromosomal changes seen in individuals 


with non-Hodgkin lymphoma. 


alignant lymphomas are a heterogeneous group of 
M cancers that arise from cells of the lymphoid tissue 
(lymphocytes, or rarely histiocytes or dendritic cells). Where- 
as leukemias generally arise from the white blood cells in 
the bone marrow, lymphomas arise from the lymph nodes, 
spleen, and thymus leading to enlargement of these organs. 
Lymphomas are broadly divided into two major categories: 
Hodgkin lymphoma (HL) and non-Hodgkin lymphoma 
(NHL), which differ from each other in clinical, biological, 
and therapeutic ways. 

It is important for students and clinicians to understand the 
diagnostic challenges often faced by pathologists in evaluat- 
ing lymphoid proliferations. The distinctions between benign 
and malignant lymphoid proliferations, Hodgkin lymphoma 
versus non-Hodgkin lymphoma, and the subcategorization 
of these entities are all important. Additional tests are often 
required beyond light microscopy, such as immunological 
and molecular or cytogenetic assays, which provide relevant 
diagnostic and prognostic information. This chapter describes 
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B-Cell Lymphomas 
T-Cell and Natural Killer (NK)-Cell 


Summary Chart 
Case Study 22-1 
Review Questions 
References 


Histiocytic and Dendritic Cell Tumors 
Diagnostic Evaluation of Lymphoid 


Treatment and Prognosis 


22-7 Identify the key features of the non-Hodgkin 
lymphomas. 


22-8 Identify the key features of the matureT- and 
Nk-cell lymphomas. 


22-9 Describe laboratory tests that can resolve differen- 
tial diagnosis of lymphomas and affect prognosis 
and treatment options. 


22-10 Contrast indolent and aggressive non-Hodgkin 


lymphomas. 


, “y eats 
the categories of lymphoma and their important 


rc croo\® 
Box 22-1 defines the common abbreviations and 
used in the chapter. 


Hodgkin Lymph wl 

+ tease OY 
Hodgkin lymphoma, formerly called Hodgkin ee oe 
it was proven to be a clonal malignancy, Was he 


< not & 
: 239 1 Tt was 0 
lymphoma to be recognized back in 1832.' It ¢ 


> uli! 
70 years later that microscopists described a Pek 
that is the histologic hallmark of this cancer sa (Fi 
microscopists’ names: the Reed—Sternberg ce © 


Epidemiology, Etiology, and Pathogenes” : 
Hodgkin lymphoma represents an estimated | age im 
phomas in the United States.’ It has a nT a . 
tion with younger (20-40 years) or older (759 y nough 
being most affected. The etiology is waknO a 
siderable intrigue focuses on possible vise! ae ve 
as Epstein-Barr virus (EBY).’ EBV gen 
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The Lymphomas: Common Abbreviations 


and Acronyms 


anaplastic Large Cell Lymphoma (ALCL) 

: purkitt phoma (BL) 

: ee Hodgkin Lymphoma (CHL) 

; Large B-Cell Lymphoma (DLBCL) 

f parr Virus (EBV) 

; nce In Situ Hybridization (FISH) 

* airy ell Leukemia (HCL) 

. Hodgkin Lymphoma (HL) 

. Mantle Cell lymphoma (MCL) 

‘ Marginal Zone Lymphoma (MZL) 

+ Nodular Lymphocyte Predominant Hodgkin Lymphoma 
{NLPHL) 

+ Non-Hodgkin Lymphoma (NHL) 

+ Peripheral T-Cell Lymphoma (PTCL) 

+ Polymerase Chain Reaction (PCR) 

« Rituximab-Cyclophosphamide, Doxorubicin (Hydroxydauno- 
mycin), Vincristine (Oncovin), Prednisone (R-CHOP) 

+ Small Lymphocytic Lymphoma/Chronic Lymphocytic 
Leukemia (SLL/CLL) 

* World Health Organization (WHO) 


_3 &@& 


rg cell (arr 
a 

: (HL) is characterized by large 
:Multinucleation, 


MGURE 29-1 p.. 
Wohome 1 Reed-Sternbe 
oplas 


ws). Prototypic cell of Hodgkin 
ize, abundant eosinophilic 
and inciusion-like macronuclei. 


“tally 
hem ‘tn latent membrane protein is localized within 
# : Reed-Sternberg cells of approximately 50% 
those with a preceding form of immuno- 
onal otmberg cells are defective B lympho- 
the MO globulin umunoglobulin rearrangements and faulty 
Dertlignant : Tanscription.*® Unlike most other cancers, 
Nlage of eis of HL usually comprise only a small 
P © total cells in the tumor mass. 
Tesy 
c 
oy 4 fallmark of HL is the presence of an unusual 
Midony de large €d-Stemberg cell, The features of this 
Philic “hs Size (up to 45 um in diameter), abundant 
#Sm, multinucleated nucleus, and gigantic 
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nucleoli (see Fig. 22—1), There is often clearing of the chro- 
Matin around the nucleoli forming a distinct halo. Identifi- 
cation of Reed-Sternberg cells, however, is not conclusive 
for diagnosis of HL since similar cells can be seen in a vari- 
ety of benign and malignant conditions other than HL. The 
diagnosis often requires immunophenotyping and careful 
inspection of the cellular, stromal, and clinical setting. True 
Reed-Sternberg cells are generally surrounded by a mixture of 
nonneoplastic inflammatory cells composed of small lympho- 
cytes, histiocytes, eosinophils, neutrophils, and plasma cells. 
The World Health Organization (WHO) subclassifies HL 
(Table 22-1) into Classic Hodgkin Lymphoma and Nodular 
Lymphocyte-Predominant Hodgkin Lymphoma based on 
histologic and, in some cases, immunophenotypic and clinical 
characteristics.”® Many variants of Reed—Sternberg cells have 
been described (Fig. 222A through D). 


Nodular Lymphocyte-Predominant Hodgkin 

Lymphoma (NLPHL) 

NLPHL is a relatively uncommon (approximately 10% of 
cases) but pathologically and clinically distinct variety of HL. 
The growth pattern is somewhat nodular (Fig. 22-3). The char- 
acteristic Reed—Sternberg cells of NLPHL are often referred to 
as popcorn cells (Fig. 22—2B) because of their nuclear loba- 
tions and small nucleoli., The surrounding cells are a mixture 
of small, normal-appearing lymphocytes and histiocytes with- 
out many eosinophils or fibrosis. The immunophenotype of the 
neoplastic Reed—Sternberg cells of NLPHL is similar to ger- 
minal center cells (centroblasts)* and distinct from “classical” 
forms of HL described later in this chapter (Table 22-2). While 
NLPHL is similar to classic Hodgkin Lymphoma in many 
ways, the fifth edition of the WHO classification suggests that 
NLPHL will eventually be removed from the Hodgkin lym- 
phoma category and placed with the mature B-cell neoplasms.* 


Classic Hodgkin Lymphoma 

Classic HL represents the majority of cases of Hodgkin 
lymphoma cases and is morphologically defined by classic- 
appearing Reed-Sternberg cells. This entity is further sub- 
divided into four main subtypes based on the cellular and 
stromal background. 


TABLE 22-1 WHO Classification of Hodgkin Lymphoma 
Frequency (%) Subtype (Frequency %} 


Classification 


Classic Hodgkin 90 Nodular sclerosis 

Lymphoma (60-80) 
tymphocyte-rich (5) 
Mixed cellularity (20-25) 
Lymphocyte 
depletion (<2) 

Nodular Lymphocyte- 10 N/A 

Predominant Hodgkin 


Lymphoma 


source: World Health Organization Classification of Tumors of Hematopoietic ancl 
Lymphoid Tissues, 2016. 


= 


Mononuclear Hodgkin cell (arrows). Vari ; 
go. M - Variant RS cell with si 
#4 tena. Lar single monolobed i i jodular lym 
eee ere reds nucleus and inclusion-like mac 
I one (NLPHL). C. Lacunar cell, Large cell Be an neoplastic cell (arrows): a ctadatin ane 
le in the space. D. Pleomorphic Reed eS afeum) d be 
are visible in th phic Reed-Sternberg cell. Large cell with ne Lay ep eam uth ee ‘“ 
ated/multilobated nucleus. 
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Sis ymphoma T i 

Al A Ren a lacunar cell (Fig. 22-2). It is so-named because its sep 
rimmed by fibrous bands of colla 2 es from surrounding cells by a ‘arge clear space (a lacu™ 

gi sae ina sea of lymphocytes, pla sma cells, eosinophils, 
nes rophils. The lacunar cells may be grouped in clusters” 
ere may be focal necrosis (Fig. 22-4B) 
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ped Cellularity Classic Hodgkin Lympho 
plies, mixed cellularity HL is character 
Sternberg cells surrounded by a heterogeneous mixt 
including lymphocytes, histiocytes, plasma cells, a” Ct 
phils (Fig. 22-4C). Small areas of necrosis OF granulo 
epithelioid histiocytes may be seen. EBV infection of te Re 
Sternberg cells is most frequent in this subtypeofHl: 
ck 
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FIGURE 22- sen 

Lo 22-3 Nodular lymphocyte predominant Hodgkin lymph pleted Hodgkin lymphoma is the rare ke 
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~» jmmunophenotype of Hodgkin (HL) 
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Diffuse 
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Anaplastic 


Nodular Large B-Cell Large Cell 
: iyo cyte- Lymphoma Lymphoma 
oredominant HL Classical HL (NHL) (NHL) 


3 all cases negative; HL = Hodgkin lymphoma. 


dings 
States, 8,000 new cases of HL are diagnosed each 


PHL has a male predominance, affects younger 
d is usually localized. Despite excellent long-term 
patients with NLPHL experience an increased fre- 
late relapses, and progression to a large B-cell lym- 
occur. In contrast, nodular sclerosis classic HL has 
Predominance with cervical node enlargement or an 
ormediastinal location. Mixed cellularity HL tends to have 
emi disease and symptoms including fever, 
B hight sweats, and weight loss. EBV is frequently 
M mixed cellularity and lymphocyte-depleted HL." 


The ge 20d Treatment 
ti ee eauires tissue biopsy, microscopic evalu- 
Dos ee vtistochemical stains. Following diag- 
ead, which 's “staged” to determine the extent of disease 
bythe affects selection of therapy.'! The disease spreads 
tenor Oe to contiguous lymph nodes. Multiagent 
‘ aa or without radiation is the typical mode of 
es! sa a opriate therapy, the 10-year survival for 
and ly Spa 80%, while it approaches 70% in stages 
lS receiving more aggressive chemotherapy. 
OWs promise to further improve outcomes.'° 


CRiyy 
CAL 
yy, HINKING QUESTIO} 


nt 
See diagnosicn® Presence of Reed-Sternberg cells alone be 
ofp MEPS to : Hodgkin lymphoma if they are so distinct? 
this book. at Critical Thinking Questions at the back 
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FIGURE 22-4 A. Classic Hodgkin lymphoma, Nodular Sclerosis 
Hodgkin lymphoma (NSHL) subtype. Low-power microscopic view 
demonstrating nodules of lymphoid tissue rimmed by fibrous cells 
produced by orderly bands of collagen. B. NSHL; Grouped lacunar 
cells showing central area of necrosis. C. Mixed Cellularity Hodgkin 
lymphoma (MCHL). Easily identified Reed-Sternberg cells and RS 
variants are seen admixed with small lymphocytes, plasma cells, 
eosinophils, and histiocytes. 
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PART3 White Blood Cell Disorders 


Non-Hodgkin Lymphoma 

idemiology, Etiology, and Pathogenesis 
Non-Hodgkin lymphoma (NHL) is more prevalent than HL 
at over 77,000 cases per year.’ It accounts for 4% of all can- 
‘cers in the United States. As with all cancers, development of 
lymphoma is thought to be caused by DNA damage leading to 
unregulated cell proliferation. The inciting agents in any given 
patient remain unknown; however, factors such as chemicals, 
ionizing radiation, viruses (EBV, Human herpesvirus 8, etc.), 
chronic inflammation, and immunodeficiencies may play a 
role in initiating and promoting tumor growth. 

Numerical or structural alterations of chromosomes are 
often visible by karyotype.'? Certain subtypes of NHL have 
specific chromosomal abnormalities, particularly transloca- 
tions involving chromosomes 2, 14, or 22 where the immuno- 
globulin kappa, heavy chain, or lambda light chain genes are 
located, respectively (Table 22-3). These genes are rearranged 
and transcriptionally active in all B-lymphocytes, which might 
render B cells prone to structural changes that trigger malig- 
nant behavior. Likewise, T-lymphocytes rearrange and express 
T-cell receptor genes, and T-cell lymphomas commonly have 
a translocation involving the chromosomal sites where these 
T-cell receptor genes are located. 

The translocation partner gene is typically dysregulated 
to alter its growth-regulating function. An example is Burkitt 
lymphoma, a B-cell malignancy in which the MYC gene 
located at chromosomal position 8q24 is translocated to the 
immunoglobulin heavy-chain locus at 14q32 (Fig. 22-5), 
enhancing cell proliferation driven by dysregulated MYC 
protein. The translocation t(8;14) JGH-MYC is also seen in 
40% of large-cell lymphomas and therefore is not specific 
for Burkitt lymphoma. Chromosomal translocation is only 
one mechanism for oncogene activation. Other mechanisms 
include gene deletion, mutation, or amplification. 


Pathology 

Lymphoma classification is based on the histologic growth 
pattern (for example, nodular or diffuse; Fig. 22-6A and B), 
cytological features of malignant cells, and immunopheno- 
typic and genotypic features as described in the World Health 


Trisomy 12 


TABLE 22-3 Common Chromosomal Abnormalities Associated With Malignant Lymphornas 


ry 
c-myc i | 
tH | 
q24 region | 9) [982 region my» 
|. <n om 

8 14 18514)(q24:q39) 
FIGURE 22-5 Reciprocal translocation t(8;14) (424;q32) is seen in ma: 
of cases of Burkitt's lymphoma as well as some non-Burkitt’s highgee d 


lymphomas. A reciprocal translocation of genetic material Occurs 
chromosomes 8 and 14. A distal portion of the long arm Of chromosomes 
containing the c-myc oncogene, is translocated to a site adjacent tothe 
immunoglobulin heavy-chain locus on chromosome 14. ‘ 


Organization classification scheme (Box 22-2). A conceptul 
understanding requires discussion of the maturation of nom 
lymphocytes, since each subtype of lymphoma may be thou 
of as a malignant population of cells arrested at a particular stg: 
of maturation. Thus, each subtype of lymphoma has some atr- 
butes of normal lymphoid cells as seen in each of the vaniow 
normal lymphoid compartments; that is, the precursor (box 
marrow), follicular, mantle zone, marginal zone, and interid- 
licular compartments. As illustrated in Figures 22~7 and 241 
each of these compartments contains cells with charactenstc 
cytological, immunophenotypic, and genotypic features. 
Within lymph nodes, B cells are mostly organized ino 
nodules referred to as follicles. On antigenic stimulatiot 
primary follicles are transformed into secondary follcis 
containing a germinal center surrounded by a crescet! a 
B cells referred to as the mantle zone. The germinal om 
is populated with centrocytes (resting B cells), centrodlss 
(proliferating B cells), dendritic cells, and histioey 
macrophages. The interfollicular region or parece 
contains T-lymphocytes and specialized vessels called . 
endothelial venules which are the point of entry bbe 
lating lymphocytes, Lymphoma may arise from of 39P° 


Del 13q14 - 


4(11;14) IGH-CCND1 
1(14;18) IGH-BCL2 
1(8;14) GHMYO 
; : Grinch 
aoe aan 
£(3;14) IGH-BCLE pala 
~ NPMI-ALK — 


t(2:5) 


B-CLL = B-cell chronic lymphocytic leukemia; SLL = small cell lymphocytic lymphoma 


B-CLL/SLL 
B-CLUSLL 
Mantle cell lymphoma, myeloma 

Follicular lymphoma, diffuse large B-cell lymphoma, double-tit! 


- -hit | 
Burkitt lymphoma or diffuse large B-cell lymphoma, double-hit 


Burkitt lymphoma 
Diffuse large B-cell lymphoma, double-hit lymphoma 


Anaplastic large cell lymphoma 


yenphor® 


yenphor® 


Burkitt lymphoma 
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BOX 22-2 World Health Organization (WHO) 
Classification of Non-Hodgkin Lymphomas 


B-Cell Neoplasms 
Precursor B-Cell Neoplasm 
* Blymphoblastic leukemnia/lymphoma 


Mature B-Cell Neoplasms 

Chronic lymphocytic leukemia/small lymphocytic lymphoma 
Lymphoplasmacytic lymphoma 

Splenic marginal zone lymphoma 

* Hairy cell leukemia 

Extranodal marginal zone B-cell lymphoma of mucosa- 
associated lymphoid tissue (MALT-lymphoma) 

Nodal marginal zone B-cell lymphoma | 
* Follicular lymphoma 

* Mantle cell lymphoma 

* Diffuse large B-cell lymphoma 

* Mediastinal large B-cell lymphoma 
* Burkitt lymphoma 


T-Cell and NK-Cell Neoplasms 

* Tlymphoblastic leukemia/lymphoma 

* Extranodal NK/T-cell lymphoma, nasal type 

* Mycosis fungoides 

* Sézary syndrome 

* Primary cutaneous anaplastic large cell lymphoma 
+ Peripheral T-cell lymphoma, unspecified 

+ Anaplastic large cell lymphoma 


Histiocytic and Dendritic-Cell Neoplasms 


a 


iq Note: Uncommon lymphoma subtypes are not listed. 

FIGURE 22-6 A. Follicular growth Pattern of lymphoma. Neoplastic cells oe ne at 
*€ organized into closely packed nodules (follicles). B. Diffuse growth 

Pattern of lymphoma 


. Neoplastic cells are arranged in sheet like fashion 
meat folcular organization, 


B-Cell Lymphomas 
. B-cell lymphoma is a malignant proliferation arising from a sin- 
hullar to cells in any of these compartments, B-cell gle B lymphocyte that has lost its ability to control cell prolifera- 
‘mpbomas are by far the most common type of NHL(85% __ tion. This B lymphocyte divides repeatedly to forma monoclonal 
50%), while T-cel] or natural killer cell lymphomas make _ cell population carrying the same genetic defects as the original 
a Of the Temainder, and true histiocytic or dendritic _B cell from which it arose. The cells within a given tumor gen- 
neoplasms are distinctly uncommon (<1%). erally correspond to a stage of B-cell maturation, either a less 


Afferent lymphatic —= 


Medullary cords 


| 
Germinal center | 
(follicular center) 


Mantle zone 


FIGURE 22-7 Anatomical compartments of the lymph 
nodes. 
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ONTOGENY 
B Lymphocytes T Lymphocytes 
B precursor lymphoblast T precursor 
Lymphoid stem cell lymphoblast Lymphoid stem cel 
Plasma cell\. 
Jy |) BONE MARROW 
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Early B cell 
Mature unsensitized B cell 
PERIPHERAL BLOOD 


T lymphoblast 


Mature unsensitized 
Primary follicle T cells 


Marginal Mature 


nsitized 
gone col peed = Mature unsensitized BR RIPHERAL 
OOD 
Centrocyte {45> Mantle cell celle 
\ ; Mature unsensitized 
Early prima 
Centroblast pits tf T cells 
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T effector cells 
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Marginal zone 
Mantle zone B immunoblast 
Plasmacytoid 
lymphocyte B 


FIGURE 22-8 Maturation of (A) B lymphocytes and (B) T lymphocytes in relation to the pertinent anatomical compartments. 


mature naive B cell, a more mature plasma cell, or somewhere Follicular Lymphoma 

between. Plasma cell myeloma, because of its unique clinical Follicular lymphoma most commonly affects adults ani 
presentation and treatment, is discussed in Chapter 23. B-cell is usually widespread throughout the body at diagnos 
lymphomas predominate in older adults (median age 60 years), | (Table 22-4). Follicular lymphomas exhibit a follicle 
except for Burkitt lymphoma and mediastinal large B-cell lym- growth pattern resembling the benign secondary follicles! 
phoma that can occur at younger ages. Within the broad cate- a reactive lymph node. These follicles are composed of the 
gory of B-cell lymphoma, two subtypes (follicular lymphoma _two cell types found in normal germinal centers, namely 
and diffuse large B-cell lymphoma) account for the majority of  trocytes (cleaved cells) and centroblasts (large noncleavet 
cases (see Fig. 22-9). cells) (Fig. 22-10A and B). Unlike normal germinal cenies 


Total Mature NHL = 112,380 


Marginal zone lymphoma, 7,460 (7% 


i A homa, 3,950 (49 
Follicular Peripheral T-cell lymphoma, (4%) 


lymphoma, 
13,960 


CLUSLL, (12%) 
Mycosis fungoides, 1,620 (1%) 


20,960 - 
Burkitt lymphomavleukem'2. 


(19%) 
DLBCL 4,480 (1%) 
27,650 (25%) “PY Gihe: 
$710( 


Mantle cell lymphoma, 3,320 (3%) 


che 

indicates Cg 

gansta 
6uS yet 


FIGURE 22-9 Estimated Cases and Distribution of Mature Non-Hodgkin Lymphoid Neoplasm Subtypes: United States, 2016. CLL/SLL fa 
lymphocytic leukemia/small lymphocytic lymphoma; DLBCL, diffuse large B-cell lymphoma; NHL, non-Hodgkin lymphoma. rincudes 
roglobulinemia. tincludes Hairy cell leukemia variant. Adapted from Teras LR, DeSantis CE, Cerhan JR, Morton LM, Jemal A. Flowers CR. 
malignancy statistics by World Health Organization subtypes. CA Cancer J Clin. 2016;66(6):443-459. 
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Well-develoned mantie zone (1) and germinal center 
Baht (2) and dark 3) zones. Tingible body macro 
t in the dark zone. B, Malignant follicie of 
Roorty defined/absent mantie zone and lack of 
Center into light and dark zones. 


follicular lymphoma nodules tend to lack polarization imto 
light and dark zones, lack tingible-body macrophages, and 
lack a mantle zone. Centrocytes are small (6 tolS um) with 
scant cytoplasm, irregular nuclei (angulated, clefted), and 
indistinct nucleoli. Centroblasts are 20 to 40 pm and have 2 
modest amount of cytoplasm, round to oval vesicular nuclei, 
and small but distinct nucleoli (Table 22-5, Fig. 22-11A 
and B). Most cases show a predominance of centrocytes 
(grades 1 and 2), which are resting B cells, which helps explam 
the indolent clinical behavior of this disease (median survival 
6 to 8 years). Progression from follicular lymphoma to a more 
aggressive, diffuse large-cell lymphoma is common. 

The immunophenotype of follicular lymphoma is sam- 
marized in Table 22-6. At the genetic level, they harbor 2 
unique chromosomal translocation, {14-18}, jextaposime 
the BCL2 gene on chromosome 18 with the ummunogiobe- 
lin heavy-chain gene on chromosome 14 (see T: 22-3), 
which causes overexpression of BCL? protein and prolonsed 
cell survival. 

A recently described entity is in situ fellicular neoplasia 
(ISFN), in which germinal centers are partially or completely 
colonized by clonal B cells carrying the BCL? translocation 


5 Indolent B-Cell Lymphomas: Cytolo 


TABLE 22 


Features of Neoplastic Cells 


Lymphoma Subtype Small Cells 


Round 


Lymphoplasmacyt< 


Marginal zone Round, cleaved, 


andor momacytod 


reo tyerpiaxyex leaker Nt = smal cel Yeweart Aamo 


a 


characteristic of follicular lymphoma. The remain; 

node is otherwise reactive in appearance, [Spy ng Wyn 
in 2% of randomly selected lymph node biopsies Thee 
subsequent follicular lymphoma is low (<5%) 4 isk oy 
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Mantle Cell Lymphoma 
Mantle cell lymphoma (MCL) is a cancer of 
often males (see Table 22-4). MCL is compo 
B-lymphocytes with the morphological and j 
typic features of normal mantle zone cells, 
lymphocytes are small- to medium-sized w 
plasm, irregular nuclei, and inconspicuous Nucleolj ( 
Table 22-5, Fig. 22-12A). Most often, MCL has 1 fe 
or vaguely nodular pattern; however, occasionally g Fo 
mantle zone pattern is observed surrounding benign (pl. 
clonal) germinal centers. : 

The MCL immunophenotype shown in Table 22-4 Come. 
sponds to the CD5-positive, CD23-negative B cell of nom 
mantle zone cells. Most cases of MCL demonstrate a unigy 
chromosomal translocation, t(11;14), juxtaposing the CCyp 
gene on chromosome 11 and the immunoglobulin heavy-chai 
gene on chromosome 14 (see Table 22-3). This translocatien 
results in the overexpression of the cell cycle promoting po. 
tein cyclin D1 detectable by immunoperoxidase stain (se 
Fig. 22-12B). Much less common is a CCND2 translocation 
with immunohistochemical expression of the transcription 
factor SOX11.'*!° 

MCL is usually widespread at diagnosis and has a mode- 
ately aggressive course (3- to 5-year median survival).” The 
prognosis is better for patients lacking nodal enlargement a! 
having only leukemic involvement." 


Older adu 

Sed of Clong 
MmUnopheny 
The Malignary 
ith Scant CW. 


Marginal Zone Lymphoma 
Marginal zone lymphoma (MZL) (see Table 22-4) 18 5" 


are characterized by a predominance of centrocytes. B. Follicular lym- : ! Fs associ 
phoma, WHO grade 3. Malignant follicles are characterized by a predomi- cally an extranodal clonal proliferation 0 mucosa: 4 
nance of centroblasts. lymphoid tissue (MALT-lymplioma) at sites such as stom 


TABLE 22-6 B-Cell Lymphomas: Immunophenotypic Profile 


(ydin D1 
B-cell CLL/SLL + — + Z ¢ i _ 


Mantle cell oa se 4 = a 4 + 
Follicular center cell - +/- = Do 2 2 
Lymphoplasmacytic - - ~ = We - 


Marginal zone, = - - = al be - 
Extranodal 


Marginal zone, Nodal 7 - - Ss ms ive ‘ 


Marginal zone, -/+ - as = & ~ 
Splenic 


Hairy cell + -/+ = + % P - 


Burkitt 
B-ALL 


-/+ = less than 50% of cases positive; +/- = more than 50% of cases positive; CLL = chronic lymphocytic leukemia; SLL = small lymphocytic lymphoma: 


° ax - 
—sleale A. Mantle cell lymphoma (IiCL). Neoplastic cells are “inter- 
— the small uniform lymphocytes of small lymphocyte 
(SLU) and the centrocytes of follicular lymphoma (FL). B. The 
21 Labia of mantle cell lymphorns (MCL) express BCL-1 protein 
intibody Benn Product). Immunoperoxidase stain with monoclonal 
BCL-/cyclin D1, 


me land, lung, thyroid, or orbit.!’ The marginal zone 
Partment 29 pak node is a poorly defined anatomical com- 
s Wever, in other lymphoid tissues (ie., spleen, 
efinegei Saad Of the intestine), the marginal zone is better 
were '8 filled with small, cleaved lymphocytes with 
tein Pale-staining cytoplasm than a centrocyte. 
it cet mets can undergo differentiation into monocy- 
wie 22.5) *mbling monocytes) or into plasma cells (see 
Sac 2p atacteristic immunophenotype of MZL is 
. 10 J 

a agent arises under conditions of chronic anti- 
Msg? Cler py 5a longstanding infection).” An example 
2g . f the s Peal Sastritis. Importantly, the tumor might 
be gg tPhoma Sri is removed. For example, marginal 
The oh bacter; | Stomach can be treated by eradicating 

1) histologic eel infection (H. pylori). 
Maye ate highly fatures of extranodal MZL (MALT lym- 
Me epithen characteristic (Fig, 22—13A and B). Adja- 
Of involved organs are reactive follicles 
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FIGURE 22-13 A. Marginal zone lymphoma (MZL). (1) Extranodal clonal 
proliferation of mucosa-associated lymphoid tissue (MALT) lymphoma 

of the stomach. (2) MALT lymphoma infiltrates the gastric mucosa and 
extends into gastric epithelium, (3) Reactive follicles are commonly pres- 
ent. B, Characteristic lymphoepithelial lesions (arrows) of gastric MALT 
lymphoma are composed of clusters of small, atypical lymphocytes (CD20 
positive B cells) within the glandular epithelium. 


and collections of neoplastic small lymphocytes, monocytoid 
B cells, and plasma cells. A constant feature is infiltration of 
epithelium by neoplastic lymphocytes, resulting in the forma- 
tion of lymphoepithelial lesions. 

A second pattern of MZL is lymph node—based and is 
referred to as nodal MZL. Nodal MZL is frequently observed 
in patients with longstanding chronic inflammation due 
to autoimmune disorders such as Sjégren’s syndrome or 
Hashimoto’s thyroiditis. Histologically, the paracortex and 
sinuses are filled with a monoclonal population of small lym- 
phocytes and monocytoid B cells. 

A third category is splenic MZL, where the spleen exhibits 
nodular expansion of the white pulp by neoplastic marginal 
zone cells (Fig. 22-14). Patients characteristically have mas 
sive splenomegaly with minimal adenopathy. Bone marrow 
and peripheral blood involvement by neoplastic villous bys 
phocytes is common. The clinical course is indolent, and 
nectomy may result in long remission. 
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Small Lymphocytic Lymphoma/Chronic Lymph 
Leukemia OCytic 
Small lymphocytic lymphoma (SLL) js the 
of chronic lymphocytic leukemia (CLL) jp the ms 
blood. The growth pattern of SLL is diffuse, althoy h W 
follicular growth centers may be observed (F BN se 
the early phase of nodal involvement, the neoplastic ca h 
confined to the interfollicular areas, and later deen 
effacement of lymph node architecture. The majori 8 
neoplastic cells appear cytologically similar to normal g 
lymphocytes (see Fig. 22-15B), while the growth aoe 
also have large lymphocytes referred to as Prolymphan., 
SLL may show evidence of plasmacytoid differentiation wig 
the presence of clonal cytoplasmic immunoglobulin, Th 
immunophenotype of SLL is shown in Table 22-6, 
Most SLL/CLL exhibit clonal genetic abnormalits 
detected by a panel of fluorescence in situ hybridizatoy 
(FISH) assays. Commonly detected are del 13q14 (50% 
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FIGURE 22-14 Splenic marginal zone B-cell lymphoma. White pulp nod- 
ules (1) show expansion of the marginal zone (2) by a population of small 
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node by proliferation of small lymphocytes- Pale eae and! 
(arrows). B. Cytological detail of small lymphocytes of SLL. Cells have scant cytoplasm with uniform nuclei, coarsely clumped ~ centroplast nae 
nucleoli. C. Diffuse large B-cell lymphoma (DLBCL). This common lymphoma is composed of a mixture of large B cells that = sia cells row 
blastic, and pleomorphic morphology. D. Intravascular large cell lymphoma. Small vessels (capillaries) are occluded by atypl¢ 


extension into the parenchyma of the involved organ, 


. | of chromosome 17p13 where the 7P53 gene is 
js deletion del 11922 (ATM gene loss). Hypermutation of 
jocated vrnogiobulin gene variable region correlates with 
the imm sval.24 
improved is a cancer of older adults and is usually wide 
s diagnosis. The disease is indolent and can be man- 
oes chemotherapy. Transformation to a more aggressive 
aged can occur, so-called Richter’s transformation.” 
Large B-Cell Lymphoma 


large B-cell lymphoma (DLBCL) represents the 
reret frequently diagnosed category of NHL worldwide, 
4 it usually affects older adults. DLBCL exhibits a diffuse 
growth and is composed of clonal large B lympho- 
cytes (Fig. 22-15C). It is subdivided into two major sub- 
reflecting its cell of origin: germinal center (GCB) or 
activated B cell (ABC, or non-GCB).*° Patients with GCB 
type have better overall survival. Gene expression profiling 
of RNA or protein is typically used to distinguish the two 
subgroups, most commonly using a panel of immunohisto- 
chemical assays and an algorithm called the Hans criteria.” 
Chromosomal translocation of MYC, BCL2, and/or 
BCL6 have prognostic implications. Approximately 10% of 
DLBCLs have MYC gene rearrangement, and of those, 
approximately half also have BC/.2 and/or BCL6 translocation 
{so-called double-hit lymphomas) with inferior survival.}! 
Most cases of DLBCL arise de novo; however, transfor- 
mation from a lower grade B-cell lymphoma (SLL, MCL, 
MZL, follicular lymphoma, or NLPHL) may instead give rise 
fo the tumor, in which case, genotype or immunophenotype 
may provide clues to the predecessor (Table 22-6), DLBCL 
San aggressive lymphoma if left untreated; however, cure is 
Possible with multiagent chemotherapy.” 
mPhoplasmacytic Lymphoma 
is Be armecrtic lymphoma is a cancer of older adults 
features © neoplastic lymphocytes exhibit plasmacytoid 
immuno and express monoclonal surface and cytoplasmic 
the IgM class. Immunophe- 


globulin, usually of 
1265p ~aee in Table 22-6. The characteristic MYD88 
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bi Dstrg Ee) Clinically, there is an association with 
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Burkitt Lymphoma 
Burkitt lymphoma (BL) is endemic to Africa and also 
accounts for approximately one-third of non-African pedi- 
atric lymphomas (sporadic BL) and a high percentage of 
lymphomas in immunocompromised patients. The uni- 
form neoplastic cells are medium-sized lymphocytes with 
multiple small nucleoli and intensely basophilic cytoplasm 
(Fig. 22-16A) that contain lipid vacuoles. The proliferation 
rate is among the highest of any cancer (see Fig. 22—16B), 
with an estimated doubling time of 1 day, which ironically 
could render it more susceptible than slower growing lym- 
phomas to a chemotherapeutic cure. Programmed cell death 
(apoptosis) is also very high, leading to a starry sky pattern 
of tingible-body macrophages in tumor tissue as these phago- 
cytic cells clear out apoptotic debris. A tingible-body mac- 
tophage is a prominent macrophage with irregular cellular 
debris. Figure 22-16C shows a young patient with Burkitt's 
lymphoma before and after treatment. 

As previously discussed, Burkitt lymphoma has t(8;14) 
IGH-MYC, and many cases also harbor the EBV genome. The 
immunophenotype is shown in Table 22-6. 


B-Lymphoblastic Leukemia/Lymphoma 

B-lymphoblastic leukemia/lymphoma is a cancer of precur- 
sor B lymphocytes, most commonly affecting young chil- 
dren. B-lymphoblastic lymphoma (B-LBL) is the tissue-based 
(nodal or extranodal) equivalent of B-cell acute lympho- 
blastic leukemia (B-ALL) seen in bone marrow and blood 
(Fig. 22-17).* The lymphoblasts have finely dispersed chro- 
matin with indistinct nucleoli. Mitotic figures are numerous. 
The immunophenotype is shown in Table 22-6. 


T-Cell and Natural Killer (NK)-Cell Lymphomas 
Because of phenotypic and clinical similarities, the mature 
T- and NK-cell lymphomas are grouped together in the 
WHO classification. Although relatively uncommon, they are 
among the most aggressive of hematolymphoid malignan- 
cies. NK-lymphomas demonstrate a predilection to involve 
certain demographic groups, particularly Asians and Native 
Americans. 

Mature T-cell lymphomas correspond to a post-thymic 
stage of T-cell differentiation. Most are of the T ap tYPe, Which 
differentiate into either CD4-positive “helper” T cells or 
CD8-positive “cytotoxic” T cells. A smaller set are of the T - 
type or NK cells that lack a T-cell receptor complex (CD3 
negative) but otherwise are similar to cytotoxic T cells. 


Peripheral T-Cell Lymphoma (PTCL), Unspecified 

Most mature T-cell lymphomas are composed of a polymor- 

phous mixture of small, medium, and large T lymphocytes. 

Benign eosinophils, plasma cells, and epithelioid histiocytes 
are often admixed with the neoplastic cells, and high endothe- 
lial venules may be prominent (Fig. 22-18). Nodal location 
is most common; however, extranodal (skin, subcutaneous 
tissue, spleen, viscera, bone marrow) sites are often involved 
in advanced stages. Involved lymph nodes demonstrate either 
diffuse effacement of nodal architecture or an interfollicular 
growth pattern. Immunophenotypically, this group of lympho 

mas usually exhibits a mature (post-thymic) T-cell phenoty pe 
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(pan-T+, CD4-, CD8+). The tumor progresses slowly over 
years to decades from cutaneous patches to thickened cuta- 
neous plaques (Fig. 22-20A) and tumor nodules produced 
by massive local infiltrates of the skin by the characteristic 
cerebriform cells of mycosis fungoides (Fig. 22-20B). In late 
Stages, systemic dissemination to the lymph node, blood, and 
visceral organs occur and transformation to a large cell lym- 
phoma. The prognosis for mycosis fungoides confined to the 
skin is relatively good, with a median survival of greater than 
10 years. Extracutaneous spread, however, is associated with 
a median survival of less than 1 year. 

Sézary syndrome is characterized by the triad of erythro- 
derma, generalized lymphadenopathy, and clonally cerebri- 
form T cells (Sézary cells) in skin, lymph nodes, and blood 
(Fig. 22-21). Sézary syndrome is an aggressive disease with a 
5-year overall survival rate of 10% to 30%. 


CRITICAL THINKING QUESTION 

22-2 Among all the chromosomal abnormalities seen in the 
different non-Hodgkin lymphomas, what is the key 
defect causing the condition? 
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FIGURE 22-20 A. Mycosis fungoides, Plaque lesion of MF showing band 
like infiltrate (arrows) of dermis by atypical lymphocytes that extend into 
the overlying epidermis, B. Mycosis fungoides, tumor stage. Tumor nod 
ules are produced by massive local infiltrates of the skin by the cha 
istic cerebriform cells of mycosis fungoides 
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FIGURE 22-21 Sézary cells in the peripheral blood from a patient with 
Sézary syndrome. 


T-Lymphoblastic Leukemia/Lymphoma 

T-lymphoblastic leukemia/lymphoma is a neoplasm of lym- 
phoblasts, with the T-LBL component forming a mass in the 
thymus, mediastinum, or nodal or extranodal sites. The lym- 
phoblasts express TdT and CD3 considered to be specific for 
T lineage. Non-T-cell antigens may also be expressed, such as 
CD79a, CD13, and CD33. The T-cell receptor (TCR) gene is 
clonally rearranged. Involved tissues have complete efface- 
ment by a monotonous population of mitotically active blasts. 
Prompt diagnosis and aggressive therapy is required.* 


ADVANCED CONTENT 


- Other T/NK Mature Lymphomas 
‘The mature T/NK disorders that primarily present in extran- 
odal sites or as disseminated/leukemic disease are distinct 
"yet rare disorders. The interested reader is directed to the 
specific references for more detailed information.*!*° 


Histiocytic and Dendritic Cell Tumors 

The vast majority of lymphomas are derived from lympho- 
cytes. Rare cases present clinically and appear microscop- 
ically as lymphoma; however, at the immunological and 
genetic level they are not lymphoid; rather, they are antigen 
presenting accessory cells (dendritic cells) or phagocytic cells 
(histiocytes). 


Diagnostic Evaluation of Lymphoid Neoplasia 

Tissue biopsy is required for the diagnosis and categorization 
of lymphomas and lymphoproliferative disorders. The main- 
stay of diagnosis is histologic evaluation of well-stained tis- 
sue sections by an experienced pathologist. Ancillary studies 
are often required, including immunophenotypic studies by 
immunohistochemistry or flow cytometry, cytogenetics by 
karyotype or fluorescent in situ hybridization (FISH), and 
nucleic acid tests such as polymerase chain reaction (PCR) 
or sequencing. Careful handling of biopsy tissue is required 
to ensure that adequate material is triaged for diagnostic 


aa 


tests. Guidelines for the proper handling anq 
lymphoid tissue are available.” The dia 
fall into a small number of categories; 
ating (1) benign versus malignant | vg rete 
(2) lymphoma versus nonlymphoid lineage, (3) Tatton 
B-cell lineage, (4) HL versus NHL, and (5) sube 
tumor type. 
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Benign Versus Malignant 

If light microscopic evaluation fails to distinguish beai 
from a malignant lymphoproliferation, demonstrating imm 
phenotypic or genotypic monoclonality favors a pms 
diagnosis. For B cells, immunophenotypic monoclonaiy 
defined as restriction of immunoglobulin light-chain ae 
tion by a population of cells to a single light-chain class oil 
kappa (k) or lambda (A). Operationally, light-chain mony, 
nality is present if the percentage of kappa-positive cells 
lambda-positive cells (kappa-to-lambda ratio) falls outside of 
the expected (“normal”) value (2:1 kappa to lambda), An exane 
ple of immunophenotypic monoclonality demonstrated by flow 
cytometry is illustrated in Figure 22-22. 

Evidence for T-cell malignancy usually relies on immu. 
phenotypically demonstrating an aberrant T-cell phenotype 
Benign T-cell proliferations generally express a “norm” 
T-cell phenotype in which all pan—T-cell antigens (CD2, CD}, 
CD5, CD7) are expressed by individual T cells. On the other 
hand, in most T-cell malignancies, one or more of the pan- 
T-cell antigens are not expressed, with CDS and CD7 being 
the most frequently absent antigens. 

A genotypic definition of B- and T-cell clonality is feasi- 
ble based on clonal rearrangement of the T-cell receptor or 
immunoglobulin genes detectable by PCR or sequencing (st 
Chapter 35). T-cell receptor or immunoglobulin gene rea 
rangement is generally useful in assigning T- versus B-cill 
lineage in a neoplasm. Every neoplasm also has clonal get 
variants such as translocation or deletion detectable by cy! 
genetics (karyotype, FISH) or by molecular tests that a0 
can detect mutation or small insertion or deletion (PCR 
sequencing). The identification of a clonal genetic features 
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dense cluster of events in the lower right quadrant I" 


nal \ population, 


ive evidence of a neoplasm rather than a reactive 

age roliferation. 

hop aryotypic analysis in a search for nonrandom 
mosome abnormalities might be useful in distinguishing 
ee from malignant lymphoproliferations or subcategoriz- 
oa neoplasm, mature lymphocytic malignancies may fail 
ing w and divide in cell culture, whereas benign cells in a 
ae might grow, leading to false negative results. FISH, 
PCR, and sequencing have emerged as powerful techniques 
for demonstrati g diagnostically important genetic features 
a quantifying residual tumor after treatment (Fig. 22—23). 
Lymphoma Versus Non-Lymphoma 
The differential diagnoses of large-cell lymphoma and non- 
jymphoid malignancies, such as amelanotic melanoma, 

rly differentiated carcinoma, germ cell neoplasms, and 
round cell sarcomas, are a frequently occurring problem in 
surgical pathology. Differential diagnosis is facilitated by 
determining the immunophenotype of tumor cells. This is 
most commonly done by staining the cells using a panel 
of antibodies directed against cell type-specific antigens. 
Although no single antibody is either 100% specific or sen- 
sitive for identifying the “cell of origin” of a tumor, with 
the aid of a panel of antibodies it is generally possible to 
define a phenotypic profile that reveals tumor type. From 
a therapeutic perspective it is most important to resolve the 
differential—carcinoma versus lymphoma versus sarcoma 
versus melanoma—which can usually be accomplished by 
a relatively small antibody panel (Table 22-7). Additional 
refinement of the diagnosis is possible with larger panels. 


Tell Versus B-Cell Lymphoma 

Although morphological features may suggest a B-cell or 
Teell phenotype, ancillary tests are required for specific dis- 
tinction between B-cell and T-ce!] lymphoma. The immuno- 
Phenotypic demonstration of light-chain monoclonality and 
the expression of B-lineage antigens (CD19, CD20, CD22), 
Srof an aberrant B-cell phenotype by the cells of a malignant 


lymphoma, are indicative of a B-ce!] lymphoma. Similarly, 
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TABLE 22-7 Antibody Panel for Distinguishing 
the Four Major Categories of Cancer 


Antibody 


Vimentin 


Cancer 
Type Cytokeratin p45 


Carcinoma + - - 7 


Sarcoma - + = - 


Lymphoma “3 + 


Melanoma 


the expression of a normal or abnormal T-cell phenotype 
by the malignant cells is associated with T-cell malignancy. 
Gene rearrangement studies appear to be more sensitive 
than immunophenotypic studies in distinguishing T-cell ver- 
sus B-cell lymphoma; however, relatively few lymphomas 
require this technically more demanding procedure to make 
this distinction. 


Hodgkin Lymphoma (HL) Versus Non-Hodgkin 
Lymphoma (NHL) 
On morphological grounds alone, it can be difficult to dis- 
tinguish HL from NHL. For this reason, as well as important 
therapeutic implications, there has been considerable interest 
in the utility of ancillary techniques. One immunophenotypic 
distinction between these two cancers is the presence of light- 
chain monoclonality in B-cell NHLs and its absence in HL.** 
The differential diagnosis of HL includes certain NHLs 
(PTCL, ALCL, ete.) and various benign conditions such as 
infectious mononucleosis. Careful attention to morphological 
features in association with immunohistochemical analysis usu- 
ally resolves the dilemma. The neoplastic cells of all subtypes 
of CHL are CD45 and ALK protein-negative, CD30-positive, 
and usually CD15-positive (Fig. 22-24). They are most often 
negative for pan-B and T-cell antigens (Table 22—2). PTCL and 
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FIGURE 22-24 Expression of CD30 antigen by Reed-Sternberg cells and 
variants in CHL (red-brown reaction product). Three patterns of staining 
are present cytoplasmic membrane, diffuse cytoplasmic, and juxta 
nuclear dot ("Golgi"). Immunoperoxidase staining using monocion 


antibody to CD30 antigen 


ally CD45-positive and express one or more pan- 
CD2, CD3, CD5, CD7). ALCL may express 


oup of lymphomas is relatively long (7 to 9 years). The 
liffuse aggressive lymphomas are rapidly fatal without treat- 
__ ment (median survival is 6 to 12 months). 

a Therapy for the indolent lymphomas needs improve- 
ment.*~* Few patients present with localized disease (stages 
T and Il) treatable with radiotherapy. Approximately 90% of 
these lymphomas are stage III or IV at presentation, and many 
€yentually relapse after standard or aggressive multiagent 
chemotherapy. Asymptomatic patients with advanced stage 
indolent lymphomas may be managed with a “watch and 
Wait” approach. When symptoms warrant, or the lymphoma 
progresses to a higher grade, therapy is instituted. 

Before the development of modern chemotherapeutic 
modalities, the indolent lymphomas were considered “‘favor- 
able” lymphomas and the diffuse aggressive lymphomas were 
considered “unfavorable.” The situation is now reversed. 
The indolent lymphomas are recognized as clinically slow 
growing but often incurable with current therapies. On the 
other hand, the diffuse aggressive lymphomas are rapidly 
fatal if untreated but are potentially curable with aggressive 
treatment strategies. Long-term survival depends on achiev- 
ing complete remission. For diffuse aggressive lymphomas, 
standard therapy is multiagent chemotherapy (e.g., R-CHOP) 
with radiation therapy, and cure is feasible, though there is 


SUMMARY CHART 


e The malignant lymphomas are a group of cancers that 
arise from cells of the lymphoid tissue (lymphocytes, 
histiocytes, reticulum cells). 


e The Reed—Sternberg cell is the hallmark of Hodgkin 
lymphoma; the morphological features of the Reed— 
Sternberg cell include large size (up to 45 jm in 
diameter), multinucleated, and inclusion-like nucleoli. 
The typical immunophenotype of Reed—Sternberg cells 
are CD30+, CD15+, and CD45-—. 


e An infectious agent found in some Hodgkin lympho- 
mas is Epstein-Barr virus. 


e Lymphocyte-predominant Hodgkin lymphoma consists 
of a mixture of small, normal-appearing lymphocytes; 
benign histiocytes; variant Reed—Sternberg cells called 
popcorn cells; or L&H cells. 


e The most common type of Hodgkin lymphoma is 
nodular sclerosis, which is characterized by bands 
of collagenous fibrosis (sclerosis), classic Reed— 
Sternberg cells, and lacunar cells. 


FIGURE 22-25 Expression of ALK-NPM protein in cytoplasm oti 
cells of ALCL (red-brown reaction product). Immunoperoxidase Stain = 
using monoclonal antibody to ALK-NPM protein (ALK-1). 
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also a risk of secondary (treatment-induced) myeloid leuke. 
mia that is usually resistant to therapy. 
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CRITICAL THINKING QUESTION 

22-3 Would a diagnosis of non-Hodgkin lymphoma instead 
of Hodgkin lymphoma be desirable from a patient's 
perspective? 
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e Mixed cellularity Hodgkin lymphoma is characterized 
by a heterogeneous mixture of cells including lympho 
cytes, histiocytes, plasma cells, eosinophils, and 
Reed-Sternberg cells 

e Lymphocyte-rich Hodg\: es 
Reed-Sternberg cells in a background of apc 
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* Most patients with Hodgi*in lymphoma present 
nonpainful lymph node swelling les 

re 

e The World Health Organization (WHO) Bie 
on clinical, morphologica mmunophenotyP 
genotypic features to classify the lymphomas. 

¢ Follicular lymphoma (a form of non-Hodekh 
lymphoma) has a mixture of lymphocyts, 
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cuMMARY CHART—cont'd 


E. The immunophenotype of Burkitt lymphoma is surface 
JeM+. CD10+, CDS— CD23— Bel-2— aad TdT 

¥, Characteristics of the systemic form of anaplastic 
large cell lymphoma include Overexpression of ALK 


CASE STUDY 22-1 
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REVIEW QUESTIONS 


1. Lymphoma is different from leukemia in that it 
originates in the: 
a. Bone marrow 
b. Breast tissue 
c. Lymphatic tissue 
d. Circulating lymphocytes 


2. What infectious agent is most commonly associated 
with the pathogenesis of Hodgkin’s lymphoma? 
a. Echovirus 
b. Herpes simplex virus 
c. Helicobacter pylori 
d. Epstein-Barr virus 


3. Which of the following is the cell characteristic of all 
types of classic Hodgkin lymphoma? 
a. Lacunar cell 
b. Popcom cell 
c. Reed—Stemberg cell 


d. Sézary cell 


4. Which describes the Reed—Stemberg cell? 
a. Small cell size 
b. No nucleoli 
c. Polylobated nucleus 
d. Very little cytoplasm 


5. Popcorn cells are seen in which Hodgkin lymphoma? 
a. Classic Hodgkin lymphoma 
b. Nodular lymphocyte-predominant Hodgkin 
lymphoma 
ec. Nodular sclerosis classic Hodgkin lymphoma 
d. Mixed cellularity classic Hodgkin lymphoma 


6. Lacunar cells are seen in which Hodgkin lymphoma? 
a. Classic Hodgkin lymphoma 
b. Nodular lymphocyte-predominant Hodgkin 
lymphoma 
c. Nodular sclerosis classic Hodgkin lymphoma 
d. Mixed cellularity classic Hodgkin lymphoma 


7. Which Hodgkin lymphoma has a female 
predominance? 
a. Nodular sclerosis classic Hodgkin lymphoma 
b. Mixed cellularity classic Hodgkin lymphoma 
c. Nodular lymphocyte-predominant Hodgkin 
lymphoma 
d. Classic Hodgkin lymphoma 


8. Fibrous bands are seen by microscopy in a mediastinal 
mass affecting an asymptomatic young woman most 
likely to have which type of Hodgkin lymphoma? 

a. Nodular sclerosis 

b. Lymphocyte-predominant 
c. Mixed cellularity 

d. Lymphocyte depletion 
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10. 


11. 


12. 


13. 


14. 


15. 


16, 


Which type of chromosomal abnormal} 
Burkitt lymphoma? 

a. Deletion 

b. Mutation 

c. Translocation 

d. Amplification 


TY is seen in 


Which is the most commonly diagnosed Category of 
non-Hodgkin lymphoma? 

a. Diffuse large B-cell lymphoma 

b. Hairy cell leukemia 

c. Lymphoplasmacytic lymphoma 

d. Burkitt lymphoma 


A starry sky pattern of tingible-body macrophages 
is found in tumor tissue of which non-Hodgkin 
lymphoma? 

a. Diffuse large B-cell lymphoma 

b. Hairy cell leukemia 

c. Lymphoplasmacytic lymphoma 

d. Burkitt lymphoma 


Which of the following characterizes small lympho- 
cytic lymphoma? 

a. Aggressive but still generally curable 

b. Usually CD25—, CD5+, CD23+, CD10- 

c. Concomitant chronic lymphocytic leukemia 

d. t(14;18) 


Mycosis fungoides is commonly associated with 
which T-cell lymphoma? 

a. T-lymphoblastic lymphoma 

b. Peripheral T-cell lymphoma 

c. Primary cutaneous T-cell lymphoma 

d. Anaplastic large cell lymphoma 

e CCNDI gene is 


Translocations involving t P 
which B-cell lymphom# 


commonly associated wit 
a. Small lymphocytic 

b. Lymphoplasmacytic 
c. Mantle cell 

d. Marginal zone 


MALT lymphomas ar st likely to have which? 
the following characteristics? 

a. Extranodal involyemen 

b. T-cell immunophenotype 

c. Blasts with fine nuclear chromatin 

d. Reed—Sternberg cells 

oclonal B-cell phen?” 


ranslocatio# . 
pich 


A lymphoma expressing 2 mon 
type with coexpression of CD10 and 3 
the BCL2 gene is most likely deny ed from 
- Follicular center cells 

- Mantle cells 

. Marginal zone cells 

- Interfollicular cells 


o 


a0 fe 


—_ 


21. 


22. The diffuse " 
usually express which of the following Acd ee 
ww nheno pes / ie 
4. CD4S+, CD30+, CD1S+ Baca 
b  CD30+, CD15+ 7 saris 


cosis fungoides is commonly associated with 
ch T-cell lymphoma? 


b. Peripheral T-cell lymphoma 
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Which describes an indolent prognosis of non- 
Hodgkin lymphoma? 

a. Median survival of 6 to 12 months 

b. Clinically slow growing and very curable 

c. Clinically slow growing, but often incurable 
d. Clear therapies exist 


See answers at the back of this book. 
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LEARNING OBJECTIVES 


a 


ad of this chapter, the learner should be able to: 


how plasma cells contribute to immunity. 


ibe the normal structure and function of 
oglobulin. 


€ abnormal immunoglobulin production 

clinical findings. 

tify common lab analyses utilized to assess 

unoglobulin abnormalities 

entily the clinical and lab findings in monoclonal 

SaMmopathies of undetermined significance. 

pore the clinical and lab findings required for 
Cation of smoldering myeloma. 


d 


Te: 
ming? lains plasma cel) development and im- 
ma Structure and function and briefly reviews 
PMiology an Rell dyserasia, The content focuses on patho- 
© clinical, laboratory, and radiological stud- 
Saeing ieee disorder. The roles of cytogenetics, 
Be her ad Prognogi Molecular biology are also discussed. 

S are introduced, but details of treatment 


e 
Scope of this chapter. 


'0 eval 


ma Cely 


Development 


Laboratory Testing and Results 


Variants of Plasma Cell Syndromes 
Solitary Plasmacytoma 
Plasma Cell Leukemia 


sultiple Myeloma and Related Plasma 


mJeong, MD - Anupama Kumar, MD ~ Sophia B. Bellegarde, MD, MBA, MLS(ASCP)™ « Caitlin Costello, MD 


Nonsecretory Myeloma 

POEMS Syndrome 

Waldenstrém Macroglobulinemia 
Light-Chain Amyloidosis 


Light-Chain Deposition and Heavy- 
Chain Diseases 
Summary Chart 
Case Study 23-1 
Case Study 23-2 
Case Study 23-3 | 
Review Questions | 
References 


Describe the most common characteristics of a 


23-7 | 
patient diagnosed with multiple myeloma. | 
23-8 Identify causes of pancytopenia in multiple | 
myeloma. 
23-9 Correlate lab findings with the clinica! presentation 
of multiple myeloma. 
23-10 Contrast lab findings and presentations of variants 
of plasma cell syndromes. 
23-11 Compare Waldenstrom macroglobulinemia and 


plasma cell myeloma (multiple myeloma). 


produce antibodies, called immunoglobulins, that respond to 
foreign pathogens with a high degree of specificity. A plasma 
cell can be distinguished from other mature B cells based on 
the presence of a dense, eccentric nucleus and ample cyto- 
plasm containing large amounts of rough endoplasmic reticu- 
lum and Golgi apparatus.” 

Hematopoietic stem cells commit in the bone marrow to 
the B-cell lineage, driven by specific transcription factors? 
DNA contains code for the components of the immunoglob- 
ulin molecule, including 40 variable (V) segments, 9 diver- 
sity (D) segments, 6 Joining () segments, and a constans 
region. Light chains have a similar structure but do not b 
D segments.” 
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Rearrangement of immunoglobulin heavy chain genes 
enables pro-B cells to become pre-B cells. Light-chain clonal 
expansion and rearrangement occur next and allow cells to 
express surface immunoglobulin. Subsequently, immature 
B-lymphocytes leave the bone marrow, migrate to the periph- 
eral blood, and rest in the G, (dormancy) phase of the cell cycle. 
On exposure to antigens that occur in the lymph nodes, the cells 
differentiate into short-lived “low affinity” plasma cells. A few 
become long-lived “memory B cells” and reside in the primary 
follicle of the lymph nodes. Once rechallenged with the same 
antigen, the primary follicles are transformed into secondary 
follicles with germinal centers. The memory B cells differen- 
tiate into centroblasts after immunoglobulin isotype switching 
and somatic mutations in the variable region of the immuno- 
globulin, generating “high-affinity” antibodies. Antibodies 
result in neutralization (blocking a pathogen’s ability to enter 
a host cell), opsonization (antigen-antibody bond promoting 
phagocytosis), and activation of complement cascade.‘ 


ADVANCED CONTENT 


These cells differentiate into plasmablasts, leaving the 
lymph node and entering the peripheral blood, where the 
cells acquire several adhesion molecules such as CD56, 


o 


Bi cell 


Marginal- 


Follicular 
B cell 
Plasma 
cell 
FIGURE 23-1 Development of plasma cells; 
‘on encounter with an antigen (indicated by 
week 1), naive marginal-zone B cells differenti- 
ate into plasma cells. CSR = class-switch recom- 
bination. ASC= a stimulated plasma cell. Week 1 
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| 

| 
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Apoptotic | 
cell | 
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Sa 


syndecan-I, collagen, ICAM-1, and leuko 
associated antigen 1, as well as vascular cel 
molecule or fibronectin. These terminal} 
plasma cells “home” back to the bone marr, 
the stromal cells. These bone marrow plas 

most of the serum immunoglobulin and have g lifer.” 
approximately 1 month (Fig. 23-1) 5 Pug 
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Immunoglobulin 


Structure and Function 

An intact immunoglobulin is composed of two j 
heavy chains (50 kD) and two identical light chains (35 o 
(Fig. 23-2). These chains are held together by Varying nu, 
bers of disulfide bonds. There are two light chain types~cite 
kappa (k) or lambda (A); only one is found in any isotype Thee 
are five types of heavy chains: gamma (y), alpha (a), mu mt 
delta (8), and epsilon (€), and these heavy chains are design 
as IgG, IgA, IgM, IgD, and IgE, respectively. The heavy pj 
peptide chains are further subdivided; IgG has four subclass: 
IgG1, IgG2, IgG3, and IgG4, and IgA has two: IgA] and [gt 
IgA and IgG aggregate in pairs, or dimers. IgM is a large mb 
cule composed of five such units; it does not cross the placem 


Natural 
antibodies 
and IgA 


eo 


Ayr 


Germinal center 


Light chain 
hypervariable 


Interchain 
disulfide bonds 


Intrachain 
disulfide bonds 


Carboxy terminal 


Each antibody has a specific role in the immune system. 
IgM is the initial “transient” antibody produced in response to 
infection; it becomes unmeasurable within weeks after it first 
appears. Later, IgG levels increase and are maintained in vari- 
able amounts after the antigenic stimulus is removed. High 
levels can be readily available on reexposure through memory 
cells, IgA is an antibody that provides protection of epithelial 

in the gastrointestinal tract and the airways. IgE anti- 
are involved in allergic/hypersensitivity reactions. The 
: of IgD remains unclear, although emerging data suggest its 
_ felein regulation of immunological tolerance, protective B-cell 

fesponse, and regulation of homeostasis at mucosal sites.’ 

4 cell neoplasms are characterized by clonal prolifer- 
aa Plasma cell population, leading to overproduction of 
eee. moelobulin. As a result, the normal ratio of k to 

ight chains is altered. Excess involved free light chains, 
a8 Bence Jones proteins, can be detected in the urine. 


cai THINKING QUESTic 


34 
How can analysis of immunoglobulins be utilized to 


as : a f ; , 
sss between initial infection and reinfection of a virus 
or foreign body? 


ans oo 
of thig aah 10 all Critical Thinking Questions at the back 
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Recogniti onoctonal Immunoglobulin Level 
Nand Measurement 


‘ase 
PPerviscosiny gto of Immunoglobulins: 
Me Presen ty Syndrome 


in ty, ees immunoglobulin can increase serum 
eteased i Ng in higher resistance to blood flow, 
teas C lama and inadequate perfusion of end 
“a lementia Y, Patients may experience confusion, 
la yoy sate for wide Stroke, or coma. Failure of the heart to 
Ume, Cespread hypoxemia, increased intravascu- 

igh pressure may lead to congestive heart 
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Light chain 
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Heavy chain 


Heavy chain 
hypervariable 
regions 


Hinge region 
Complement binding region 


}<— Carbohydrate 


FIGURE 23-2 Structure of the basic immu- 
noglobulin unit. V, = variable region heavy 
chain; V, = variable region light chain; C, = 
constant region heavy chain; C, = constant 
region light chain. 


failure. Although the correlation between serum viscosity and 
clinical manifestations is not precise, clinical manifestations 
are rarely attributable to hyperviscosity if serum viscosity is 
less than 4 centipoises (CP) (normal value =1.8 CP). Most 
patients are symptomatic when serum viscosity is greater 
than 6 CP. Hyperviscosity is most commonly associated with 
Waldenstrém macroglobulinemia (WM), a clonal disorder 
that produces IgM protein, given the higher molecular weight 
(925 kDa) and pentad structure of IgM protein. 

Therapeutic plasmapheresis is a technique that separates 
plasma from whole blood and can remove the excess immu- 
noglobulins in symptomatic hyperviscosity.* 


Hypogamma globulinemia 

Patients with plasma cell disorders can have decreased 
levels of normal “uninvolved” immunoglobulins, a con- 
dition known as hypogamma globulinemia. One study 
demonstrated that 90% of patients with plasma cell myeloma 
had a reduction in at least one uninvolved immunoglobu- 
lin.? Hypogamma globulinemia leads to impaired immunity 
and increased susceptibility to infections, especially due to 
encapsulated organisms such as Haemophilus influenza and 
Streptococcus pneumoniae. Intravenous immunoglobulin 
(IVIG) can decrease the frequency of infectious complica- 
tions in selected populations. 
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| Cryoglobulinemia 

Cryoglobulins are serum immunoglobulins that precipitate 

| reversibly on exposure to cold (<37°C). Clinical manifes- 

tations of cryoglobulinemia include pain on cold exposure, 
purpura, arthralgias, and peripheral neuropathy. Serious 
complications including glomerulonephritis, hypervis- 

' cosity syndrome, and involvement of end organs (heart, 
gastrointestinal tract, nervous system) can occur. Cryoglob 
ulinemia is mechanistically associated with monoclonal o 
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polyclonalimmunoglobulins,andcanbeclassified into several 

__ subtypes:'° 

e Type I: Isolated monoclonal immunoglobulin (most com- 
monly IgG or IgM). Associated with the following mono- 
clonal gammopathies: monoclonal gammopathies of 
undetermined significance (MGUS), multiple myeloma, 
WM, CLL, and rarely non-Hodgkin’s lymphoma. 

e Type Il: A combination of a polyclonal immunoglobu- 
lin and a monoclonal immunoglobulin (most commonly 
IgM) with rheumatoid factor activity. Associated with 
hepatitis C and human immunodeficiency virus (HIV). 

e Type Ill: A combination of polyclonal immunoglobulins. 
Associated with connective tissue diseases. 


ee 


Laboratory Recognition and Measurement 
Electrophoresis 

Albumin is the most abundant serum protein and is essen- 
tial for transport;'’ however, immunoglobulins and other 


a 


serum proteins also occur in smaller quantities, 7 
protein is measured on routine automated Sons Sty 
els. The measurement of albumin allows estimation. 2 
immunoglobulin-containing fraction by subtraction, of y 
protein — albumin = immunoglobulin fraction), 4 HP 
ference in the value of total protein and albumin Pip . 
another protein is present in substantial quantity, It jg on 
tant to differentiate between a polyclonal and thoneeigg 
increase in immunoglobulin levels that is seen in ‘dicen 
and plasma cell disorders, respectively. This is Performed " 
a serum protein electrophoresis (SPEP), whereby senige 
applied on particular medium and a charge is applied by 
teins separate, based upon their electrical charge and size inty 
albumin, a, B, and y globulins (Fig. 23-3), Ifa Monoclhng 
immunoglobulin is present, a monoclonal peak in the gammy 
region, termed “M-spike,” will be present. SPEP allows jy 
the detection and quantification of an M-spike. Similar) 
a urine protein electrophoresis (UPEP) can be performe 
Immunofixation (IFE) should always be performed in co. 
junction with the SPEP to further characterize a monoclon| 
protein. 


CELLULOSE ACETATE PATTERN DENSITOMETER TRACING 
Normal serum 
ALB ay a2 8B ALB ay a2 B u 


IgG Myeloma with y spike 
and reduced albumin 


a2 ALB Bit xPancnl Bo ei 


Polyclonal 


hypergammaglobulinemia 


Waldenstrém’s 
macroglobulinemia 


with IgM spike 


ALB a 


a2 p y 


Hypogammaglobulinemia 


FIGURE 23-3 Patterns of serum protein electrophoresis show- 
ing characteristic patterns of normal serum, IgG myeloma with 
a y-spike, polycional hypergammaglobulinemia, Waldenstrom 
macroglobulinemia with igM-spike, and the absence of 
antibody production seen in hypogammaglobulinemia. 
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ixation 
¢xation (IFE) is used when investigating an abnor- 
\y_cpike on serum protein electrophoresis to identify the 
* hain and light chain involved with a high degree of 
‘avity. After separation of the various proteins by elec- 
s into at least five separate lanes, monospecific 
usually three for the heavy chain component 
iz .) and two forthe light chain component (x and \), are 
| Precipitation of proteins (i.e., the antigen-antibody 
js allowed to occur, followed by washing (non- 
itated proteins wash out) and staining of the remain- 
mmunoprecipitated. An M-protein is characterized 
E by the combined presence of a sharp, well-defined 
ociated with a single heavy-chain class and a sharp 
efined band with similar mobility characteristics 
cts with either kappa or lambda light-chain antisera 


Immunoglobulins 

in classes are quantitated by rate nephelom- 
is based on measuring the degree of turbidity 
catter caused by antigen-antibody complexes by 
patient’s serum sample with an appropriate spe- 
ody reagent. Estimation of quantitative immuno- 
by nephelometry does not allow for an assessment 
clonality. Increased levels can be due to polyclonal 
clonal elevations; clonality needs to be established 
ectrophoresis and immunofixation, as discussed in 


etry is a useful adjunct to electrophoresis in 
with plasma cell dyscrasia. 


rum Light Chains 
ed free serum light chain (FLC) levels are affected 
a oglobulin production and clearance by the kid- 
_mulilé several conditions can influence the absolute 
ation of « and ) free \ip}t chains (immunosuppres- 
“ction, inflammation. impaired renal clearance), 
noclonal gZammopathies is the «/A ratio altered, 
«9 Of 0.26 to 1.65 was previously validated as the 
~ hormal reference interval, although emerging 
woete broader range may be acceptable in chronic 


% + @ highly sensitive, automated immunoassay 

“nent of FLC concentrations in serum has been 
clon cation and monitoring of patients with 
tive om oPathy (Fig. 23-4). Serum FLC assays 
dent; N detecting abnormalities that otherwise may 
Tiss by routine electrophoresis and immuno- 
j Chai tests are used for diagnosis and monitoring 
itchain (, ot'Y myeloma, nonsecretory myeloma, and 

a0 (AL) amyloidosis.'* FLC values are now uli- 
__» *fatification of monoclonal gammopathy of 


CHAPTER 23 Multiple Myeloma and Related Plasma Cell Disorders 503 


+ Normal (n = 282) 

® « light-chain multiple myeloma (n = 120) 

© Renal impairment from non-light-chain diseases (n = 31) 
4) light-chain multiple myeloma (n = 104) 

© Nonsecretory myeloma (n = 28) 
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Log serum concentration of free-light-chain « (mg/L) 


FIGURE 23-4 Concentrations of « and } free light chains in sera from 
healthy individuals and those with myeloma. (From Bradwell, AR: Serum 
test for assessment of patients with Bence-Jones myeloma. Lancet. 
2003;361;:489. Reprinted with permission from Elsevier.) 


unknown significance (MGUS) and smoldering myeloma 
(SM).'° 


Bence-Jones Proteinuria 

Imbalanced immunoglobulin production most frequently 
yields an excess of free light chains (k/A ratio). These light 
chains are rapidly metabolized in the blood, with increased 
production of FLC filtered into the urine as Bence-Jones pro- 
teinuria, The Bence-Jones protein is named after the physician 
who first noted its unique properties to precipitate at 40°C to 
60°C, dissolve at 100°C, and precipitate again on recooling.!” 
Today, 24-hour urine collection is necessary to determine the 
total amount of protein excreted in the urine per day and to 
quantitate the Bence-Jones proteins, Excess serum FLC can 
deposit in the kidneys and lead to proteinuria and kidney 
failure. 


CRITICAL THINKING QUESTION 


23-2 Why does an M-spike on serum protein electrophoresis 
need further analysis? 
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23-1 Classification of Monoclonal Gammopathies 


Monoclonal Gammopathies of Undetermined Significance 
Malignant Monoclonal Gammopathies 

* Multiple myeloma (IgG, IgA, IgD, IgE, and free light chain) 
* Smoldering myeloma 

* Plasma cell leukemia 

* Nonsecretory myeloma 

* Osteosclerotic myeloma (POEMS syndrome) 


Plasmacytoma 
* Solitary plasmacytoma of bone/extramedullary plasmacytoma 


Waldenstrém Macroglobulinemia 
Heavy-Chain Diseases 

* IgA (a@-HCD) 

* IgG (y-HCD) 

* IgM (p-HCD) 


Primary Light-Chain Amyloidosis 


Monoclonal Gammopathy of 
Undetermined Significance 


Box 23-1 outlines the classification of monoclonal gammop- 
athies: MGUS, malignant monoclonal gammopathies, plas- 
macytoma, Waldenstr6m macroglobulinemia, heavy-chain 
diseases, and primary light-chain amyloidosis. 

Monoclonal gammopathy of unknown significance 
(MGUS) is a premalignant clonal disorder with a 1% annual 
risk of malignant transformation.'S’ Non-lgM MGUS and 
IgM MGUS transform typically into multiple myeloma and 
Waldenstrém macroglobulinemia, respectively. 

The incidence of MGUS varies by age, sex, and race. 
MGUS is diagnosed in approximately 1% of individuals 
older than the age of 50 and up to 3% of those older than 
the age of 70 . MGUS is defined by the presence of a serum 
M-protein <3 g/dL, urine M-protein <500 mg/24h, <10% 
plasma cells on bone marrow biopsy, and absence of end- 
organ damage secondary to myeloma. A new term, mono- 
clonal gammopathy of renal significance (MGRS), was 
coined in 2012 to describe a monoclonal gammopathy where 
the secreted immunoglobulin deposits in the kidney without 
overt myeloma." 
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_ Once MGUS has been identified on initial screening tests 

i (SPEP, SIFE, immunoglobulins, free light chains), risk 

_ scores can be calculated to determine appropriate monitor- 

. ing strategy (Table 23-1). High-risk patients, such as the 
elderly and individuals with comorbidities, extramedullary 

disease, and plasma cell leukemia (PCL), require skeletal 

| imaging and bone marrow biopsy to evaluate for malignant 
transformation. 


TABLE 23-1 Determining Risk in Monoclonaj 
Gammopathy of Unknown Significance Risk 
Stratification 


Low risk 
1) Serum M-protein <1.5q/dL 
2) IgG subtype 

3) Serum free light-chain ratio, 
0.26-1.65 


Low-intermediate risk (1 risk 


factor) 
High-intermediate risk (2 risk eee al 


factors) 


High risk (3 risk factors) 58% 


| 
; 
| 


| Source: Adapted from Rajkumar SV, Kyle RA, Therneau TM, Melton U, 3 

| Bradwell AR, Clark RJ, et al. Serum free light chain ratio is an independent risk fy 
| for progression in monoclonal gammopathy of undetermined significance, Soot 
i 2005;106(3):812-7. 
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Smoldering Myeloma 


In the spectrum of plasma cell neoplasms, smoldering 
myeloma (SM) is the intermediate stage between MGUS 
and multiple myeloma. For diagnosis, patients must deme 
strate high burden of monoclonal protein (M-protein 23g 
urinary monoclonal protein =500 mg per 24 hour) andct 
10% to 60% clonal plasma cells in the bone marrow. Imp 
tantly, patients must not have any evidence of end-og® 
damage (see Box 23-2). Patients need careful follow-up § 
the risk of progression to multiple myeloma is appt? 
mately 10% per year for the first 5 years, then ie 
ing risk of 5% per year for the subsequent 5 yes ® 
1% per year thereafter. There is much debate regard : 
whether SM should receive myeloma-directed theraph 
multiple clinical trials are ongoing to address this quem” 
Currently, there is insufficient evidence to su 
treatment for patients with SM 
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Multiple Myelom» 
Multiple myeloma is the most common plast picloa!® 
sia, affecting terminally differentiated B cells. The vst 
multiple myeloma suggests a multistep process ® ‘ic 
by the clinical progression from MGUS to sy gaunt J 
ple myeloma (Fig, 23~5), The initial mutation ever ig ' 
to occur in the germinal center during isotype eld od 
and somatic hypermutation,*! Plasma cells are 8° ne 
ized in the bone marrow until late in the disease ee . 
grow independent of the bone marrow seen a 
usually causing a more aggressive clinical Pr “tials in 
tiple myeloma is associated with other compli¢ ir 
ing immunosuppression, infection, 
and cord compression, With refinement ° on 
therapies, triplet regimens, and autologous 


nel] dys 
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pathologie (oo 
in treatmnem 
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| Gus =3 g M spike =10% PC 
gah M hess =10% PC + M spike 


+ Hypercalcemia, 


bone lesions 


FLC ratio <0.01 
or =100 
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transplant), the median overall survival in multiple myeloma 
now exceeds 5 years. 


ADVANCED CONTENT 
ology 


Multiple Myeloma accounts for 10% of all hematologi- 
cal malignancies and 1% of all cancers, with an estimated 

#28010 30,330 new cases and 12,650 deaths in 2016 The 
lian age at diagnosis is between 66 and 70 years, with 
disorder extremely rare (<0.02%~0.03%) in individuals 
“ 30 years of age. MGUS and multiple myeloma both 
© tWice as frequent in African Americans compared with 


“pean Americans but with similar rates of malignant 
Orma tion. 


inky nderlying etiology of multiple myeloma remains 
it 'y medical conditions associated with chronic 
al 3 won of the immune System, such as repeated infections, 
10 j se uMitions, or autoimmune disease, have been reported 
© tisk of multiple myeloma. Human herpes 
HV/HHV8) and hepatitis C have been considered 
multiple myeloma. Biologically, it is 
Ine antigen-driven response to the viral infection 
Tated increased levels of cytokines (e.g., interleu- 
Angiogenic factors (e.g., vascular endothelial 
and basic fibroblastic growth factor) can initiate 
a Malignant clone in multiple myeloma.” 
those dose exposures, as seen in factory work- 
Of multi Ee near nuclear facilities, may ger 
bey fmultinie €myeloma. Other occupations with a high 
tt: Wood, fer Soma include workers in the metal, sag 
~ Cupar, Paint, and the petroleum industries. The 
Dis a tonal association for multiple myeloma, 
i Muli tral work,** Plasma cell dyscrasias, 
"ple Myeloma and Waldenstrém macroglob- 
‘ ‘Pecifig se Nown to cluster in families, although 
“been oy Benetic link nor environmental exposures 
Identified 26 
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renal effect, anemia, 


Or any one of the following: 


>1 focal lesions on MRI 
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FIGURE 23-5 Progression from monoclonal gammopa- 
thy of undetermined significance (MGUS) to smoldering 
myeloma (SMM) to malignant myeloma (MM). PC = plasma 
‘cells; M spike = monoclonal spike; FLC = free light chains; 

i MRI = magnetic resonance imaging. 


Pathophysiology 

There are three primary Processes that lead to end-organ 
damage in multiple myeloma. First is the expanding plasma 
cell mass in the bone marrow, second is the overproduction 
of monoclonal immunoglobulin, and third is the Overpro- 
duction of various cytokines that affect bone structure and 
function (Fig. 23-6). In the following section, each process is 
discussed further. 


Plasma Cell Expansion 

As the plasma cell establishes a malignant clone, normal bone 
marrow is gradually replaced by the expanding malignant 
plasma cell colonies. As this process progresses, normal blood 
cells decrease in number, a condition referred to as pancyto- 
penia. Typically, anemia (decrease in red blood cells) occurs 
first, followed by thrombocytopenia (decrease in platelets), 
and subsequently neutropenia. Anemia can result in in fatigue, 
shortness of breath, and rapid heart rate. Thrombocytopenia 
results in delayed hemostasis, with resultant prolonged bleed- 
ing and easy bruising. Neutropenia increases Susceptibility to 
infections. 

The expanding plasma cell population in the bone mar- 
row can result in destruction of cortical bone. Stretching of 
the overlying nerve-rich periosteum can be painful. Notably, 
pain is the most common presenting symptom in more than 
two-thirds of multiple myeloma patients. Tumor growth may 
extend beyond the boundaries of the bone to compress adjacent 
neurological structures, leading to nerve root impingement or 
spinal cord involvement. Clonal plasma cell proliferation may 
even occur outside the bone and in a soft tissue Site, a condi- 
tion known as extramedullary plasmacytoma. 


Bone Marrow Stroma 

The bone marrow microenvironment plays an important role in 
supporting the malignant plasma cells in multiple myeloma by 
promoting their growth and preventing apoptosis (Fig, 23-7), 
Adhesion of myeloma cells to the stromal cells induces secretion 
of several cytokines (proteins that promote or inhibit cell func- 
tions) from the stromal cells, endothelial cells, and/or osteoclasts 
as well as from the plasma cells themselves. These molecules 
play an important role in multiple myeloma p, athogenesis pie 
mediate many of the disease signs such as bone destruct) 
tumor cell proliferation, drug resistance, and genetic inst 
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MULTIPLE MYELOMA 


Skeletal destruction 


MALIGNANT PROLIFERATION 
OF PLASMA CELLS 


FIGURE 23-6 Mechanisms of disease in multiple 
myeloma. Skeletal destruction, abnormal 
immunoglobulin production, marrow failure, and 
decreased production of normal immunoglobulin 
all play a role. 


Myeloma Cel! Growth 


ma;ror 


FIGURE 23-7 Bone marrow microenvironment. Effects of cytokines and transforming growth factors on the bone in the MI 
patients with multiple myeloma (MM). Bone marrow stromal cells (BMSC) secrete IL-6, VEGF, SDF-1a, and RANKL. This IL-6 secreted and — 
vironment promotes the binding of MM cells to the BMSCs augmenting more secretion of IL-6 and other cytokines from the ame * 
example, TGFB, TNFa, and VEGF from malignant myeloma cells enhance IL-6 secretion from BMSCs. The MM cells secrete IL-6, poner — 
and MIP- 1a. The IL-6. VEGF, and bFGF secreted by the MM cells and the VEGF from BMSCS initiate angiogenesis in bone Marrow COP psa 
The cytokines MIP-1a secreted by the MM cells and RANKL secreted by BMSCS initiate or activate osteoclast formation, leading jnnede 
and bone destruction in MM patients. Osteoclasts also secrete IL-6, inducing the growth of the malignant clone of MM cells. U = tigen — 
VEGF = vascular endothelial growth factor SDF-1a = stromal cell-derived factor alpha: RANKL = receptor activator of nuciear ClO” age 
fibroblast growth factor TNFa = tumor necrosis factor alpha: TGFB = transforming growth factor beta; MiP-la = macrophage ™ 


— 


cells. The details of each cytokine and the various 
qsma ‘nvolved are beyond the scope of this review. In 
jnclude osteoclast activating factors, such as IL-1B, 
and the tumor necrosis factor (TNF) family proteins, as 
ar endothelial growth factor, transforming growth 


8 and insulin-like growth factors.” 


Disease in Multiple Myeloma 

a] bone is a dynamic structure undergoing continuous 
through the resorption of old bone by osteoclasts and 
mation of new bone by osteoblasts. As a result, lytic 
as well as osteoporosis can occur, the latter of which 
be complicated by pathological fracture, vertebral height 
and spinal cord compression. Multiple myeloma bone 
results from dissociation of bone absorption and for- 
on secondary to stimulation of osteoclasts and inhibition 
oblasts, respectively. Myeloma cells adhere and interact 
vith bone marrow stromal cells resulting in the production of 
ssieoclast-activating factors, including IL-18, IL-6, and IL-3 
and tumor necrosis factor (TNF); these cytokines stimulate the 
TNF-telated activation-induced cytokine (TRANCE).* 


ED CONTENT 


Tesponsible for the activation and matu- 
leoclasts. TRANCE activity is blocked by 


Osteopontin 
MIP-4a 

IL-6 
AXIil 
BAFF 

APRIL 


Matrix-derived 
growth factors 


Myeloma B Mt 
# lyeloma 
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osteoprotegerin. Osteoprotegerin is a cytokine and mem- 


ber of the TNF receptor superfamily. It is also known 
as osteoclastogenesis inhibitory factor (OCIF). The bal- 
ance of TRANCE/osteoprotegerin is totally disrupted 
in multiple myeloma patients leading to overproduc- 
tion of TRANCE and inactivation of osteoprotegerin by 
binding to syndecan-1 secreted by plasma cell surface 
(Fig. 23-8). Recently, inhibition of osteoblasts was 
established as a major contributor to bone disease in 
myeloma. Dickkopf | (DKK1), an inhibitor of the Wnt 
signaling pathway, which is crucial for osteoblast differ- 
entiation, leads to reduced bone formation. In the Wnt 
signaling pathway, signaling molecules (Wnt proteins) 
regulate morphology, proliferation, motility, and cell 
fate. 

i 


Hypercalcemia 

Calcium balance plays a critical role in regulation of cellular 
function. With increased bone turnover, calcium is released 
in the blood, causing several symptoms. Early symptoms 
include constipation and cramping from altered motility of 
the intestine, polyuria, dehydration, and muscle weakness. 
Increased calcium in the urine (hypercalcinuria) can lead to 
formation of kidney stones and kidney failure. Altered mental 


Endothelial 


DKK1 
Sclerostin 
HGF 

IL-7 
TNF-« 


: Cellular interactions in the bone marrow microenvironment in myeloma bone disease, The bone marrow microenvironment in myeloma 
om (OBL), osteoclasts (OCL), stromal cells, endothelial cells, and osteocytes. Multiple interactions within the bone marrow microenviron- 

# fe responsible for the abnormal bone remodeling of multiple myeloma bone disease (MMBD). (A) OCL Activation in MMBD. Myeloma 
aimuiate OCL formation and induce cells in the marrow microenvironment to produce factors that drive OCL formation. Osteoclast-activating 
: by myeloma cells include RANKL, MIP-1cr, IL-3, and TNF-a. Myeloma cells also induce marrow stromal cell production of growth 
Seen OCL formation including RANKL, MCSF, and (not pictured) IL-6 and TNF-a and decrease production of OCL inhibitory factors, such 
le factors such as osteopontin, MIP-1a, IL-6, AXIl, BAFF, and APRIL that stimulate tumor growth. In addition, factors produced 

hoeS@nd OCL promote tumor growth through direct action on myeloma cells, Osteocytes also regulate osteoclastognesis and bone 
©kPression of RANKL. Finally, the bone destructive process releases bone matrix-derived growth factors such as TGFB, IGFs, FGF, POGFs, 

- lytic process. (B) OBL Suppression in MMBD. MM cell-derived OBL- 

1 cells in the marrow microenvironment to increase Production of 
in (from osteocytes), and TNF-a and GFI1 (from marrow stromal cells). Myeloma cells also oe marrow stromal cells to 
CL ang rt the myeloma cells, including IL-6, VCAM1, VEGF, and IGF-1. (C) Angiogenesis is enhanced in MMBD. Angiogenesis is enhanced 
4“ dotheljay cells are closely ee ed In the bone marrow microenvironment, and increased OCL activity appears to contribute to both 

Cele OSes ‘nN MM as well as to tumor growth. Endothelial cell proliferation is enhanced by angiogenic factors such as VEGF produced by 
. Roodman Stromal Cells. Osteoclasts also secrete angiogenic factors, such as osteopontin and MMP9. (Adapted from Silbermann, Rebecca, and 

“Myeloma bone disease: Pathophysiology and management. Journal of Bone Oncology. 2013;2(2}:59-69. doi:10.1016/}jbo.2013.04 90} 4 
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status can occur with significant hypercalcemia. The severity 
of the symptoms is dependent on both the level of calcium and 
rate of rise. Hydration, forced diuresis, and bisphosphonate 
therapy are among the therapies for hypercalcemia. 

Clinical Findings 

The signs and symptoms and possible causes of multiple 
myeloma are outlined in Table 23-2. Anemia can lead to 
weakness, loss of energy, cognitive slowing, and tachycardia 
in severe cases. One study demonstrates a seven-fold increase 
of infection in myeloma patients compared with matched con- 
trols.*° Recurrent unexplained infections could warrant ini- 
tial myeloma workup. Patients may have symptoms related 
to hypercalcemia, renal insufficiency, or amyloidosis. Bone 
pain is the most common presentation in multiple myeloma. 
Spinal cord compression from extramedullary plasmacytoma 
is an acute emergency that should be diagnosed and treated 
promptly to prevent long-term disability and paralysis. Imme- 
diate magnetic resonance imaging (MRI) or computed tomo- 
graphic myelography of the entire spine must be done with 
appropriate follow-up treatment by radiotherapy or neurosur- 
gery to avoid permanent damage. 

The serum creatinine concentration is elevated in 20% 
of patients at diagnosis (>2 mg/dL).*’ The most com- 
mon cause of renal insufficiency in multiple myeloma is 
the precipitation of monoclonal light chains in the renal 
tubules called cast nephropathy. Other causes of renal 
dysfunction in multiple myeloma include deposition of 
light chains in the kidney parenchyma (light-chain deposi- 
tion disease) and amyloid fibrils in AL amyloidosis. Acute 
kidney injury (AKI) can also occur due to various insults 
including but not limited to contrast dye, medication, and 
hypercalcemia. 


TABLE 23-2 Signs and Symptoms of Multiple Myeloma 
Signs and Symptoms 
Bone pain (68%) 
Easy fatigue (62%) 
Polyuria (30%) 


Fracture, lytic lesions 


Anemia (73%) 


Hypercalcemia (13%) 


Nausea and vomiting Renal failure, hypercalcemia 


Recurrent infections Low normal Ig levels 


Cord compression 


Paraplegia a 
Confusion (1 15%) 


Hyperviscosity, hypercalcemia 


Bleeding Thrombocytopenia 

Arrhythmia (7%) ~_Amyloidosis (4%) . 
Peripheral neuropathy sith Amyloidosis a a 
"Fever inching al infection 4 j 


Renal insufficiency (19%) Cast nephropathy, light chain 


deposition 


Source: Modified from Kyle, RA, et al. Review of 1027 patients with newly diagnosed 
multiple myeloma. Mayo Clin Proc, 2003;78:21. 


Laboratory Testing and Results 

Complete Blood Count and Peripheral Bloog 5 
The automated complete blood count (CBC) is an Ab 
able assessment of bone marrow function. Th “sy 
finding in multiple myeloma is a decre 
of red blood cells with no change in size (norm 
mochromic anemia). Normocytic normochromie Uy. 
covered in great detail in Chapter 6: Anemia, On a 
smear examination, the most characteristic finding jy 
tiple myeloma is rouleaux formation of the req blood My). 
(stacking of red blood cells together like coins) (Fig b 
caused by increased amounts of immunoglobulin in the tn 
leading to red blood cells adhering to each other. The sane 
phenomenon results in the increased erythrocyte Sediment 
tion rate. Circulating plasma cells, if seen, are associated yi 
a poor prognosis. Later in the disease, replacement of the bie 
marrow with plasma cells may also cause teardrop-shaped ny 
blood cells by blood smear. 


Y avai, 
© MOst com 


ase in the ny 


Chemistry Studies 
Routine chemistry panels are essential in evaluating myelom 
patients. Serum blood urea nitrogen (BUN) and cen 
nine measures the kidney function that is often affected: 
myeloma. Serum lactate dehydrogenase (LDH) is a nonse. 
cific marker of tissue breakdown, and elevated levels w 
associated with shorter survival. Calcium levels are ofa 
elevated in myeloma patients, indicating bone destructe: 
Calcium is primarily bound to albumin; the unbound or it 
calcium is the major cause of symptoms. Calcium levelsms 
always be interpreted with the albumin level in mind. Fores 
mg/dL of albumin below normal, the serum calcium should tt 
increased by 0.8 mg/dL. Albumin levels can be low in mu 
ple myeloma due to inhibition by IL-6 as well as loss in 
nephrotic kidney. In either case, albumin level is a major 
nostic criterion in multiple myeloma. 
B,-Microglobulin (B,M) is the light chain of the histoo® 
patibility leukocyte antigen (HLA). It is the most usefl PE 


3 ae ct 
dictor of tumor load and disease activity, thereby yg Di 
. * x ve 
the prognosis of multiple myeloma patients. Cc et 
tein is another nonspecific marker of disease activity, 


eaux 
FIGURE 23-9 Peripheral blood showing cone 
the “stacked-coin* appearance of the red blood ¢ 


— 


othe activity of IL-6, an important growth factor for 


Joma cells. Its prognostic value is limited by the lack of 
mye 


cpecificity: 
phoresis and Immunofixation 
As extensively discussed earlier, serum and urine protein 
oresis, immunofixation, quantification of kappa and 
jambda light chains, and quantitative immunoglobulins are 
the standard parts of diagnostic workup of multiple myeloma. 
The incidence of nonsecretory myeloma in which there is no 
detectable monoclonal protein has decreased to <1% with 
the increased sensitivity of the current techniques. IgG is 
the immunoglobulin produced in more than 50% of cases, 
followed by IgA (20%); 20% produce only light chains and 
gD is rarely seen in <1%. Two immunoglobulin classes can 
be detected in “biclonal myeloma,” which represents 3% of 
all myeloma cases and reflects the coexistence of two malig- 
nant clones. 


Bone Marrow Examination 
Bone marrow biopsy is essential in diagnosis of multiple 
myeloma. Biopsy findings in multiple myeloma include 
increased numbers of clonal plasma cells, often form- 
ing “sheets,” with immature, binucleate, and large cells 
(Figs. 23-10 and 23-11). Certain features such as flame 
cells (large, intensely staining plasma cells) can suggest IgA 
subtype (Fig. 23-12). A differential count of marrow cells 
(usually 500 cells are counted) is performed to establish 
Percentages of various cell types. Patients with myeloma 
Vea variable level of plasmacytosis ranging from 10% to 
*. The bone marrow involvement could be patchy, thus 
Sag Percentage from the aspirate or the core speci- 

'Sused for diagnosis. 

'shant plasma cells have a characteristic immuno- 
H - In addition to staining positively for cytoplasmic 
(curl eet these cells stain positive for CD38, CD56 
They are adhesion molecule), and CD138 on their surfaces. 
Dank ually negative for surface immunoglobulin and the 


fr CD antigen CD19: 15% to 20% will stain positively 
ity and CDS2. Special intracellular stains demonstrate 
with either « or ) restriction. 


Fig 
URE 
23.4 
Pasa 0 Bo , 
ne 
Celis and R, Marrow aspirate showing atypical and binucleated 
“Sell bodies (arrow) 
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FIGURE 23-11 Bone marrow biopsy sample showing replacement of 
marrow by plasma cells. 


es 


FIGURE 23-12 Flame cell, from a patient with IgA myeloma. 

Note: the red magenta hue to the periphery of the neoplastic plasma 
cell giving the cell this characteristic name. Image source: Girish 
Venkataraman, MD, MBBS. Used with permission of the American 
Society of Hematology (ASH). 


CRITICAL THINKING QUESTION 


23-3 Why is extreme bone pain the most common symptom 
upon presentation in most multiple myeloma patients? 


Genomic Abnormalities 

Chromosomal abnormalities are common in malignant 
plasma cells and are broadly divided into two main catego- 
ries: hyperdiploidy and nonhyperdiploidy. Nonhyperdiploid 
plasma cells often harbor abnormalities involving 14932, 
which is the locus of the immunoglobulin heavy chain (IgH) 
gene. Although coexistence of hyperdiploidy and transloca- 
tions of /gH gene is rarely reported, they are considered mutu- 
ally exclusive. Cytogenetic abnormalities are prognostic, thus 
interphase fluorescence in situ hybridization (FISH) studies 
are routinely incorporated into the initial diagnostic wo 

of multiple myeloma (Fig. 23-13). 
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SBC EPI7 


16q23 


FIGURE 23-13 PCs with both the normal and abnormal pattern of 
hybridization. The depicted PCs show (A) a cell with the normal configu- 
ration of 2 pairs of signals for the probes localizing to the centromere 17 
(CEP17; aqua) and the 17p13.1 (LS! p53) (red) probe. (B) A cell with dele- 
tion of 17p13.1. There are two green signals arising from the centromeric 
probe but only one red signal from the p53 locus probe. (C) A normal 
configuration of probes used to detect the t(14;16)(q32;q23). The 
locus-specific 14q32 probes are labeled in green, and the 16q23 probes 
are labeled in red. (D) A cell with fusion of probes for 14q32 (green) and 
16923 (red). (From Fonseca, R, et al. Clinical and biological implications 
of recurrent genomic aberrations in myeloma. Blood 2003;101:4570. 
Reprinted with permission from the American Society for Hematology.) 


ADVANCED CONTENT 


IgH translocation is the most frequent abnormality of mul- 
tiple myeloma, which is reported in 45% of cases. This 
abnormality is likely an early key event in the development 
of malignant plasma cells, as it occurs at the time of iso- 
type switching of the IgH region. The five most common 
translocations, in their order of prevalence, are t(11;14) 
(q13;q32), t(4;14)(p16.3;q32.3), t(14;16)(q32.3;q23), t(14; 
20)(q32;q11), and t(6;14)(p25;q32) (Table 23-3). The t(4; 
14), t(14;16), and t(14;20) translocations are associated 
with poor prognosis (Fig. 23~14),*! Notably, t(11;14) 


TABLE 23-3 Common Chromosomal Translocations in 
Multiple Myeloma 


Translocations 
t(11;14) 
t(4;14) MGFR-3 and MMSET 


Affected Gene 
Cyclin D1 


t(6;14) Cyclin D3 


C-MAF 
MAF-B 


t(14;16) 


t(14;20) 


Proportion surviving 


) 12 24 36 48 © @% 
Follow up from Diagnosis (months) 
Number at risk: 484 427 296 178 95 


% 


u 


FISH Standard risk 


FISH High risk with trisomy 


Proportion surviving 


0 12 24 36 48 60 «22 
Follow up from Diagnosis (months) 


Number at risk: 484 427 96 178 95 # 


FISH High risk 


Proportion surviving 


36 48 60 


Number at risk: 275 


FIGURE 23-14 Kaplan-Mele ves demonstratin . 
(0S) from diagnosis base jous risk factors. i 
between patients with standard-risk MM (ns = 370) not OS 
with those with high-risk MM (' 14). (8) COMPA nary 0, 
those with standard-risk MN 70), high-risk som nz 
(n = 48), and high-risk MM wit! yrrent wih? 
Comparison of OS among patients wit 

without high-risk FISH we res, (Adapte 
terling RP, Dispenzieri A, “fine 
myeloma: impact on survival in patie ents with Pane 
Blood. 2012;119(9):2100-5. dol: 10.1 182/blood-2 * - 
2012 Jan 10. Erratum in: Blood. 2014/1! 23(10):16 
PMCID; PMC3311247,) 


put any conc 
h any trisomy \" 
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; 2) involves the translocations of /gH and B-cell 
| ig ymphoma 2 (BCL2) genes, and is unique due to 
i ;4| treatment implications with a BCL2 inhibitor, 
“pepoweti 


ee ipbidy is also a common finding in multiple 
he and prognostically considered standard risk. As 
4 Jy described, IgH translocations and hyperdiploidy 
} a generally mutually exclusive. In addition to IgH trans- 
| pcations and hyperdiploidy, monosomy 13, 17p deletion 
| floss of TPS3), and gain of lq are significant chromosomal 
’ that confer poor prognosis. These findings occur 
’ more commonly with IgH translocation but can also be seen 
| with hyperdiploidy. 

| Wider availability of next generation sequencing (NGS) 
(has enabled various mutations to be described in multiple 
Peecioma. Recent studies have demonstrated that several 
Gacogenic driver mutations were associated with specific 
Hipp of chromosomal alterations, and increased number of 
Giver mutations was associated with poor outcome.» Sev- 
al groups are investigating the implications of such driver 
Euiations on prognosis and potential therapeutic targets. 
These techniques will provide new diagnostic and prognos- 
‘te markers as well as a therapeutic paradigm for multiple 


i . 


patients. 


2% 


FIGURE 23-15 Extensive lytic skull lesions in a patient with multiple 
myeloma. 


Rediological Investigations 
fees f imaging in multiple myeloma is to determine 
= ‘avolvement of the bone. inv gate soft tissue lesions, 
esis a5 peeroeee to therapy. This is a critical step in diag- 
factares 48 enabling adequat terventions to prevent 
Choice aad Cord compression. P! adiograph has been the 
by of imaging for many year has been replaced 

Other ne ly year 1aS NOW Pp 
body ap ities Such as low-dose whole body CT, whole 
Sivity and Reercr scans, which provide increased sen- 

ificity of detecting bone disease. 
~<a 
*OVANCED CONTENT 


; mal skeieT2Y Examination Historically, con- 
ohn Survey had been the method of choice for 
Multi bony lesions of suspected multiple myeloma 


~ leag bones help identify critical cortical thinning that FIGURE 23-16 Radiographic film of the left humerus of a 
to aia multiple myeloma, Areas with severe cortical bone destruc 
fractured by everyday activities such as lifting or walking (patholog 


fractures). 


hie ion. Bical fracture, allowing for prevennve 
Mace only NES, plain radiography, demonstrating 
ons been | When at least 30% of trabecular bone sub- 
rece 9St, provides an inadequate assessment of 
Lie ptt Benie that affects more than 25% of the 
e Se disease 
lic hieyin. Never heal in multiple myeloma, even 
” 8 4 Complete remission. The use of radio- 
BS Such as plain x-ray films for follow-up 


js therefore of no value in assessing disease response. How- 
ever, developing new bone lesions can indicate progr 


gressive 


disease, and any multiple myeloma patients with new nai 
F 
or neurological symptoms should have re 


Dealt Dror 
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ar 
“ppt 


radiological evaluations 
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Due to its lack of sensitivity, plain radiographs have 
fallen out of favor and are reserved for cases when other 
imaging modalities are contraindicated or unavailable. 

' 

; 

| 


Computed Tomography Scanning Computed tomog- 
raphy (CT) scans are more sensitive compared with con- 
ventional skeletal survey in detecting lytic bone disease. It 
further defines suspicious areas on plain films and parts of 
the skeleton that cannot be evaluated fully by plain films, 
(e.g.. scapulae, ribs, and sternum). Whole body low-dose 
CT (WBLDCT) allows a valuable study with low radiation 
dose to the body, is widely accessible, and takes less than a 
minute to complete. WBLDCT is now one of the preferred 
front-line imaging modalities for evaluating bone lesions in 
multiple myeloma. 


Bone Scintigraphy Bone scan has a limited role in multi- 
ple myeloma because of the inhibition of osteoblastic activ- 
ity by the illness. 


Magnetic Resonance Imaging Whole body magnetic 
resonance imaging (MRI) is not only sensitive in detect- 
ing bone disease but also evaluates soft tissue and bone 
_ marrow compartment. It is also the imaging of choice 
_ when evaluating the central nervous system (Fig. 23-17). 
The ability to evaluate the bone marrow is valuable as it is 
often focally involved in multiple myeloma, and the per- 
centage of plasma cells in the bone marrow is important 
_ in both the diagnosis and response assessment to therapy. 


FIGURE 23-17 MRI showing compression fracture at L-2 (red arrow) and 
focal plasmacytoma (white arrows and circles) 


Image-guided biopsy and random bon 
often reveal discordant plasma cell per 
limiting factor in its implementation into everyda May, 
is that it is not widely available. Thus, whole Prat 
could be considered in suspected cases of m ie i 
equivocal WBLDCT and/or PET/CT when onal wi 
cord compression or in solitary plasmacytoma >, fy 
be obtained when evaluating response to therapy CN aly 
ing early relapse. PY 0F det, 


© Marrow \ 
€ntage, The "py 


Positron Emission Tomography Positron Emission 
raphy (PET) imaging with 18-fluorine-fluoro-deoxyy : 
(FDG) has emerged as a new scanning technique pe 
tiple myeloma. PET scan is very sensitive and Specifics 
detecting bone disease, bone marrow involvement, i 
extramedullary disease (Fig. 23-18). PET scan can algo 
tinguish between metabolically active disease and inary, 
_ disease. Changes in FDG activity provide valuable inform. 
tion about response to therapy and is the preferred modal 
for this purpose. Given these advantages, PET/CT is 
of the preferred imaging modalities for initial diagnoss¢ 
multiple myeloma, diagnosis of extramedullary plasma. 
toma, and assessment of response to therapy.* 


Dual Energy X-ray Absorptiometry Scanning Dualeney 
x-ray absorptiometry scanning (DEXA) is the sands 
modality for diagnosing osteoporosis. In multiple mycles 
patients, low-lumbar spine bone mineral density at diag 
sis is correlated with an increased risk of vertebral calla: 
and fractures. It is an important test to consider, espe 
if there is no lytic bone disease. Follow-up imagitg §™ 
routinely indicated in multiple myeloma. 


Diagnostic Criteria , 
Once the diagnosis of multiple myeloma is suspected 
on the presence of symptoms such as anemia, rel “i 
ciency, bone pain, neuropathy, and by the presence ° 
protein levels, confirmatory testing is needed 0 — 
the stage and prognosis. Box 23-2 outlines the ae 
nents of evaluating patients with newly diagnosed 
myeloma, nn of 

Plasma cell neoplasm encompasses & Laer 
ease, from MGUS, in which the lev el of monoclon os 
is low and does not cause any clinica J 


au 
: spmediate Stag F 
dering myeloma (which is an intermediate 2 
) SY 


| significan® 
‘ ¢), 


myeloma, in which patients present W it diagnos 
potentially aggressive disease. The current 4 cel op 
ria are listed in Table 23-4. A clonal plasma” 


‘ ira « must ° V 
in the bone marrow or a plasmacytoma Mog M 
Joma 5? 


key distinguishing feature ol multiple my® enor 

and smoldering myeloma is the presence ° reviat "J 
age caused by the monoclonal proteins : e, Ane 
CRAB criteria (hyperCalcemia, Renal aie om 
lesions). Even if the CRAB criteria are not me 4a" 
risk smoldering myeloma patients ( 0 
in the bone marrow or ratio of the Inve 
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FIGURE 23-18 PET scan showing metabolic activity 
" Tigh 
Mop, oUt chaj ys 
ie ion ang in >100) suggest a very high probability of 
is j S y hig i 
7mow Te rhs benefit from ear ly initiation of treatment. 
te ie differentia Jn the current diagnostic guidelines. 
es Plasma ap easnosis of multiple myeloma includes 
She lig a disorders such as MGUS, smoldering 
‘ny waders a amyloidosis, and other lymphoprolifer- 
“Rkin's m Waldenstrém macroglobulinemia and 
tag: Phoma, 
ty Sing 
Ce. 
\ aq 
% “lapy,.. 
ty agg ~OSis oF multi a 
en oF the is Uple myeloma has been established, 
Mouse ase can provide valuable information 


is 
Out," Stag 
. : »at- 
“Ome Bing 1S also important for reporting treat 
Provides a common means of comparing 
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CT Transaxial 


CT Scout View 


Fused Coronal 


PET Transaxial 


Fused Transaxial 


in multiple plasmacytomas throughout the skeleton 


clinical trials. The Durie and Salmon staging has been used 
historically but has been replaced by the Intemational Staging 
System (ISS). id 
“The ISS was developed based on 10,750 previously 
untreated multiple myeloma patients from 17 institutions 
worldwide (Table 23-5). It is based on the levels of serum 
B,M anc 
stages. Patients who are stages I, Il, and III h 
vival of 62 months, 44 months, and 29 months, respectively. 
Other important prognostic factors including chromosomal 
abnormalities and LDH have been recognized and are now 
incorporated into the Revised International St aging Sy 
(R-ISS) (Table 23-6). In addition to B,M =5.5 mg/l 
would put the patient in ISS stage III), presence of 


serum albumin and classifies patients into three 


ad median sur- 


ystem 
(which 


either 
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Evaluation of Patients With Newly Diagnosed 


Multiple Myeloma 


M-Protein in Serum 

* Electrophoresis and immunofixation 
* Quantitation of immunoglobulins 
+ Serum viscosity if symptomatic 

+ Serum free light chain 


24-Hour Urine for Urinary Protein Electrophoresis (UPEP)/IFE 
(immunofixation) and Creatinine Clearance 


* Flow cytometry (plasma cell labeling index) 


Chemistry Panel 
_ (Renal, Ca, Albumin, Uric Acid) 
B,-Microglobulin, C-Reactive Protein, and LDH 


_ Radiological Evaluation 
+ Skeletal survey 
"= MRI (spine, pelvis, and skull) 


it Biopsy-proven plasmacytoma or 
IL Glonal bone marrow plasmacytosis (>10%) and any one of the 


"iL Myeloma defining events: 
Hypercalcemia; >11 mg/dL or >1 mg/dL higher than upper 
limit of normal 
Renal; creatinine clearance <40 mL/min or creatinine 
>2 mg/dl 
Anemia; Hgb <10 g/dL or <2 g/dL below the lower limit of 
normal 
Bone; one or more lytic lesion on skeletal radiography, CT, 
or PET/CT 
ii. Biomarkers of malignancy: 
Clonal bone marrow plasma cells 260% 
Involved to uninvolved serum light-chain ratio 2100 
>1 focal lesions on MRI study 


Source: Adapted from Rajkumar SY, et al. international Myeloma Working Group 
updated criteria for the diagnosis of multiple myeloma. Lancet Oncol. 2004;15:e538. 


LDH or high-risk chromosomal abnormalities would classify 
the patient into stage III in the R-ISS staging system. High- 
risk chromosomal abnormalities were defined as deletion of 
chromosome 17p, t(4;14), or t(14;16). These patients exhib- 
ited worse prognosis with 5-year survival of 40%. R-ISS 


Serum B.-microglobulin 


<3.5 mg/L and serum albumin 

235 g/dL 

Not stage | or Ih . ee 
_ Not: age | or III Pe... We 

Serum B, -sfiicrogiobulin w 


25.5 mg/L 


‘There are two categories for stage Il: serum B.-microglobulin <3 5 
albumin <3.5 g/dL; or serum B,-microglobulin 35 10<55 mo/L ss 
serum albumin level. 

Source: Adapted from Grippe PR, et al: International staging system for m, 
myeloma. J Clin Oncol. 2005;23:3412. 


Dit sen 
WPESPeCtive 4 


TABLE 23-6 Revised International Staging System 
(R-ISS) 


ISS stage |, normal LDH, and 
standard-risk chromosomal 
abnormalities 


i] Not R-SS stage | or Ill 62 


ill ISS stage Ill and either high 40 
LDH or high-risk chromosomal 

abnormalities (del(17p), t(4;14), 
or t(14;16)) 


Multiple Myeloma. J Clin Oncol. 2015;33-2863. 


, ee 
should be used to stage al! new patients diagnosed ve 


tiple myeloma. ‘ 


Treatment 

There have been man g developments our 
treatment that have sigreificantly improved oe : 
treatment for multiple eloma is broadly im 


induction therapy with a goal of achieving ase? 2 
consolidation therapy with autologous bem 
transplantation (HCT) in those W ho are cligih Ts w 
therapy to improv e the dep and duration “ mr oe? 
supportive care that adaresses the organ - a 
symptoms caused by the clonal proliferation ° 

or the monoclonal! proteins 

Induction Therapy nals oi 
The goal of induction therapy 15 © see ulti ay 

to minimize the complications caused pehee oe 


such as renal failure, hypercalee™!% = mi é 
esponse am y a” 


tures, to induce a deep © 


hav es VS 
caus Multiple studies ree F 
ed by the therapy. Mu! progression” fe a 
s Although ¢ oa 
pility ©“ 


response translates into impr ed 
(PFS) and overall survival (OS)- F 
regimens do not significant!) affect the 


F t to determine whether the patient will be 
His. Jidation autologous transplant and to prepare 


ED CONTENT 


domized controlled trials have shown the supe- 
triplet therapy compared with doublet therapy. 
standard first-line therapy for newly diagnosed 
myeloma should be triplet combination therapy 
| for special circumstances such as poor expected 
ce to therapy. Bortezomib, lenalidomide, and dexa- 
(VRd) is a widely used first-line therapy in 
nosed multiple myeloma in both transplant 
ineligible patients due to high efficacy and 
. In the phase 3 randomized controlled study 
0777, VRd was compared with lenalidomide and 
asone (Rd) followed by Rd maintenance in both 
he triplet therapy had significant improvement of 
PFS (41 vs. 29 months) and median OS (not 
dys. 69 months) at median follow-up of 84 months.” 
ther option for front-line therapy is the combina- 
lophosphamide, bortezomib, and dexamethasone 
Data from phase I] EVOLUTION study have 
)% Overall response rates and 1-year PFS of 93% 
O were treated with CyBorD. Notably, the 
42% and OS was 70%.*! CyBorD is one 
Tegimens in newly diagnosed patients with 
, With consideration of switching to VRd 
ction improves. 

treatments with daratumumab, an anti-CD38 
body, are also <i attractive option. Daratu- 
combined with lenalidomide and dexameth- 
N transplant ineli,ibie patients in the MAIA 
of 737 patients were » ndomly assigned to either 
Control arm). The P}’S at 30 months was 70.6% in 
tm and 55.6% in the control arm. Minimal residual 
(MRD) negativity was ac‘nieved in 24.2% of the dara- 
am and 7.3% in the control arm.‘ Based on these 
Rd is an excellent first-line option for patients who 
? for autologous HCT. Of note, daratumumab 
iB to CD3g utination on indirect antibody testing by bind- 
;.°9 RBCs; thus, RBC typing is routinely done 

N of anti-CD38 monoclonal antibodies. 
© Combination for front-line therapy has been 
diggngs LEFIN trial, in which 207 patients with 
tion “ie Multiple myeloma were randomized into 
auto d with or without daratumumab, fol- 
On pa. 20US HCT and two additional cycles of the 
OMide we? Post-transplant, then maintenance with 
Or without daratumumab. With median 


OW-up is ongoing. 
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Consolidation With Autologous Hematopoietic Cell 
Transplantation (HCT ) 

All patients who meet the criteria for transplant should be 
teferred to a transplant center for evaluation. In the first 
randomized study in 1996 by Attal et al., high-dose chemo- 
therapy with autologous HCT demonstrated higher response 
tates, event-free survival, and OS compared with conven- 
tional therapy.’ Since then, autologous HCT has been a 
standard part of therapy for patients with multiple myeloma. 
Various randomized studies have demonstrated the benefit 
of autologous HCT in prolonging the PFS, but the survival 
benefit is debated. 


— 

[> ADVANCED CONTENT 
The IFM 2009 study randomized 700 patients to either 
three cycles of VRd induction followed by either high-dose 
melphalan autologous HCT and three cycles of post-trans- 
plant VRd or five additional cycles of VRd. The median 
PFS was 50 months in the transplant group and 36 months 
in the control group. CR was achieved in 59% of the trans- 
plant arm and 48% in the control arm. At median follow-up 
of 4 years, OS was 81% in the transplant arm and 82% in 
the control arm.*° 


Autologous transplant has an advantage of providing pro- 
longed period without disease and deep response, which may 
translate into a survival benefit with longer term follow-up. 
At the time of initial stem cell collection, enough cells for a 
second autologous HCT should be collected as a second trans- 
plant may be considered for carefully selected patients who 
had a durable response to the first transplant.*” 


Maintenance Therapy 

Several studies have investigated the concept of maintenance 
therapy after the initial induction therapy. Lenalidomide has 
been an attractive maintenance agent that is efficacious and 
well tolerated orally. Although multiple randomized con- 
trol studies have demonstrated PFS benefit, individual stud- 
ies have not demonstrated OS benefit, likely due to short 
follow-up. 


ADVANCED CONTENT 


| A recent meta-analysis of lenalidomide maintenance ther- 
apy after autologous HCT demonstrated that at median 
follow-up of 79.5 months, median OS was not reached in 
| the lenalidomide arm and was 86.0 months in the Placebo 
| or observation group.** Note that treatment with lenalid- 
omide led to increased risk of secondary malignancies 
(6% to 7% absolute risk) and increased neutropenia, 
| Bortezomib or ixazomib maintenance can be considered for 
patients who are not candidates for lenalidomide mainte 
nance, or those with high-risk disease with 17p deletion # 
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Relapsed Disease 

There has been tremendous advancement in the treatment of 
multiple myeloma in the last decade. Multiple agents have 
been approved for the use of relapsed or refractory disease and 
more are under investigation. Second generation proteosome 
inhibitor carfilzomib and oral proteosome inhibitor ixazomib 
can be combined with various classes of drugs in those who 
have progressed after bortezomib. Pomalidomide, a third- 
generation immunomodulatory drug (IMiDs), is an alternative 
to lenalidomide. Other newly approved treatments include 
anti-B-cell maturation antigen (BCMA) chimeric antigen 
receptor (CAR) T-cell therapy, belantamab mafodotin-blmf 
(antibody-drug conjugate targeting BCMA), elotuzumab (sig- 
naling lymphocytic activation molecule family (SLAMEF7) 
inhibitor), selinexor, venetoclax (BCL2 inhibitor), and pano- 
binostat (histone deacetylase inhibitor). An excellent review 
by Rajkumar summarizes the new advancements in the 
treatment of multiple myeloma and would be of interest for 
advanced learners.*! 


Supportive Therapy 

Bone-modifying agents have shown benefit in decreasing 
skeletal complications and prolonging PFS regardless of 
bone involvement of the multiple myeloma. Bisphospho- 
nates such as pamidronate and zolendronic acid have long 
been used. A recent meta-analysis demonstrated decreased 
pathological vertebral fractures and skeletal-related events 
with treatment with bisphosphonates. Treatment with zolen- 
dronic acid was also associated with increased overall sur- 
vival. Receptor activator of nuclear factor kappa-B ligand 
(RANKL) inhibitor denosumab has also been studied in 
patients with newly diagnosed multiple myeloma. In a large 
phase III randomized controlled trial of 1,718 patients, those 
with newly diagnosed multiple myeloma with at least one 
lytic bone lesion were randomized to either zolendronic 
acid or denosumab every 4 weeks. Denosumab was found 
to be noninferior to zolendronic acid for time to first skel- 
etal event. Based on these studies, zolendronic acid or 
denosumab should be initiated in all patients with multiple 
myeloma who are undergoing treatment. Note that osteone- 
crosis of the jaw is a rare but serious complication of these 
treatments, and patients should receive dental evaluation 
before initiation of these treatments. 

Radiation therapy has limited efficacy in treating sys- 
temic multiple myeloma. However, it is highly effective in 
treating the localized disease process such as symptomatic 
bone lesions or plasmacytoma. Kyphoplasty or vertebro- 
plasty can be considered for painful vertebral compression 
fractures. 

Hypercalcemia is managed by intravenous saline and med- 
ications that inhibit osteoclasts, such as glucocorticoids, bis- 
phosphonates, and calcitonin. 

In patients with recurrent infections, intravenous pooled 
immunoglobulin given at monthly intervals may be of signifi- 
cant benefit, especially if the IgG level is less than 500 mg/dL. 
In addition, EPO could be considered to maintain adequate 
hemoglobin levels. 


Variants of Plasma Cell Syndrome 
Solitary Plasmacytoma . 
Solitary plasmacytoma presents with a sin 
toma either in the bone (also known we 
: as solitary 
toma of bone) or soft tissue (also known as ex acy, 
plasmacytoma). Diagnosis requires a biopsy co tila 
presence of a monoclonal plasma cell infiltrate <a 
is <10% clonal plasma cells in the bone marrow en 
the single plasmacytoma, it is termed solitary “hag ong 
with minimal marrow involvement. These es ; 
nition, do not have any evidence of end-organ fe Y def 
other lytic lesions, normal calcemia, absence of iy 
normal renal function). It is thus important to ie 
investigate for other plasmacytomas or systemic "eh 
toms. The tumor may secrete immunoglobulin, resy 
a small serum M-spike that usually disappears after thera 
Treatment is radiation therapy to the plasmacytoma Ps 
systemic therapy. Patients should undergo Surveillance 3s 
the risk of progression in 3 years is approximately 10), 
solitary plasmacytoma of soft tissue, 20% for Solitary plas 
macytoma of soft tissue with minimal marrow involvemey 
and 60% for solitary plasmacytoma of bone with mining 
marrow involvement.*° 


Plasn, : 


lting in 


Plasma Cell Leukemia 

Plasma cell leukemia (PCL) is a rare variant of multipe 
myeloma (2% to 3%), with an aggressive presentation a 
short survival. It is defined as circulating peripheral blood 
plasma cells exceeding 2,000/j.L, and 20% of peripheral blow 
white blood cells (Fig. 23-19). Half of these cases are foun! 
in advanced multiple myeloma, usually late in the cou 
of the disease, and usually heralding a terminal event. Th 
other half, often referred to as primary plasma cell leukema 
affects newly diagnosed patients. Patients present with hig 
calcium levels, kidney failure, and often more severe anem 
thrombocytopenia, and involvement of various orgats, sit 
as the liver, spleen, and lymph nodes. Prognosis is poor, wit 


ia showing 
FIGURE 23-19 Peripheral blood in plasma cell ng alee in 
ence of circulating plasma cells. (From Dutcher i! ne thessa 
Look, and Learn. Health and Education Resources ™ 


with permission.) 


ival of only several months, even after autolo- 
ae a allogeneic transplantation. 
ant 


ecto Myeloma ; 
an 1% of multiple myeloma patients present with no 
immunoglobulin in the blood or urine, even with 
. These patients present with lytic bone dis- 
F a" elevated serum calcium and clonal plasma cells on 
marrow bIOPSY: Because of normal levels of immuno- 
bone infectious complications are fewer. The absence 
ev htchain excretion through the kidneys preserves renal 
eon, and survival is often better than that associated with 


Se sattple myeloma subtypes. 


= 
POEMS Syndrome 
‘ Y, organomegaly, endocrinopathy, M-protein, 


‘skin changes (POEMS) syndrome is a paraneoplastic syn- 
drome related to underlying plasma cell dyscrasia. The patho- 
physiology of this disease is poorly understood. Diagnosis 
"isoften delayed due to its rarity and overlapping signs and 
‘symptoms with other systemic diseases. Patients must have 
polyradiculoneuropathy and monoclonal gammopathy as 
of the major criteria. Other presenting symptoms include 
otic bone lesion, volume overload, thrombocytosis, and 
emia. The mainstay of therapy is irradiation of the 
a Rept plasmacytoma. Systemic therapy may also 


nstrom Macrog)« 2ulinemia 
trom macroglobulinemia (WM) is an indolent 
mphoma in which the malignant B cells exhibit 
Cell differentiation (plasmacytoid lymphocytes). 
© Cells produce IgM monoclonal protein. WM cells 
t CD24) 94 lymphocyte surface antigens (CD19, CD20, 
fo a light-chain restriction (mostly k). Recurrent 
1% of ao described in WM. Notably, more than 
"Sponse 8 ae display myeloid differentiation primary 
aut emoki D88) mutation, and 30% to 40% have C-X-C 
W is pape receptor 4 (CXCR4) mutation.** The bone 
i NSively infiltrated with lymphoid and plasma- 
Wy tein aye vacuoles containing IgM monoclo- 
{fe Comm cher bodies) within the malignant cells of 
the Yrs nnn (Fig. 23-20), 
Wear Th United Sta aon 3 
The dia tes, WM affects 1,400 individuals each 
i ce. Ty age at diagnosis is 64 years and has a male 
Poy © Sen ai is a clear familial clustering in families 
‘tients With sig Many as 20% of the cases. — : 
ogend 8eneralj M generally present with fatigue, weight 
ug Bee oakness. Other symptoms are related 
aq hy, "YORlobui produced by the malignant cells and 
PetViscosit Memia, autoimmune hemolytic anemia, 
Sey Patieny (see previous section on hyperviscosity 
Meeain > isin tS also experience coagulopathy, can have 
Mean’ from & (ctyoglobulinemic purpura), and may have 
Maat May be Sums and nose (Fig. 23-21). More severe 
nd 1 Seen, which is caused by interference with 
Clotting factor proteins by the abnormal 
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FIGURE 23-20 Plasmacytoid lymphocytes in marrow aspirate froma 
patient with Waldenstrom macroglobulinemia. (From Hyun, BH. 
Morphology of Blood and Bone Marrow. American Society of Clinical 
Pathologists. Workshop 5121, Philadelphia, September 7, 1983, with 
permission.) 


FIGURE 23-21 Arm of patient with cryoglobulinemic purpura. Note the 
skin manifestations. 


IgM. Tissue infiltration with the malignant cells or deposition 
of IgM or amyloid fibrils may produce cytopenias, lymphade- 
nopathy, or hepatosplenomegaly. Anemia is the main feature 
in most symptomatic WM patients (80%). Progressive sen- 
sory motor peripheral neuropathy is another presenting fea- 
ture of this disease. 

The diagnosis of WM is made by demonstrating IgM para- 
protein and =10% bone marrow involvement with plasmacy- 
toid lymphocytes. MYD88 mutation, when present, can help 
distinguish WM from other indolent lymphomas. It is also 
important to differentiate WM from IgM MGUS or multiple 
myeloma. While WM presents and behaves more similarly to 
an indolent lymphoma, IgM multiple myeloma should meet 
the diagnostic criteria of multiple myeloma, 

Similar to other indolent lymphomas, treatment can be 
delayed until patients develop symptoms from the disease 
Common indications for treatment are systemic symptoms 
(fever, night sweats, weight loss), organ compromise from 
lymphadenopathy or hepatosplenomegaly, cytopenias, and 
symptoms of hyperviscosity. 
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_ The treatment of WM is with rituximab-based regimens. 
Rituximab, an anti-CD20 monoclonal antibody, can be com- 
bined with alkylating agents (bendamustine, cyclophos- 
phamide), proteosome inhibitors (bortezomib, carfilzomib, 
ixazomib), or bruton kinase inhibitor (BTK) ibrutinib for 
first-line therapy. Ibrutinib alone can also be considered for 
first-line therapy.*’ If severe symptoms are present at diag- 
nosis, immunoglobulins may be quickly removed by plasma- 
pheresis, resulting in the rapid improvement in symptoms.* 


CRITICAL THINKING QUESTION 


23-4 Why does the viscosity of samples collected from 
patients with Waldenstrém macroglobulinemia increase 
when left at room temperature? 


Light-Chain Amyloidosis 

Amyloidosis is a rare and potentially fatal disease that 
occurs when insoluble protein fibrils are deposited in 
tissues and organs, impairing their function (e.g., heart, kid- 
neys, liver, spleen, nervous system, and gastrointestinal tract) 
(Fig. 23-22). There are many precursor proteins that may 
result in amyloidosis. The most common is light-chain (AL) 
amyloid (amyloid with presence of light chain secretion); 
the precursor protein is derived from immunoglobulin light- 
chain fragments and is associated with a clonal plasma or 
B-cell proliferative disorder. Less common is AA amyloidosis 
(secondary amyloidosis associated with inflammation). This 
usually complicates chronic diseases in which there is ongo- 
ing or recurring inflammation, such as rheumatoid arthritis 
or spondyloarthropathy, chronic infections, or periodic fever 
syndromes. It is important to distinguish between the differ- 
ent types of amyloidosis as the treatment is different. Here, 
we limit our discussion to AL amyloidosis. 

For diagnosis, patients must have histopathologic evidence 
of AL amyloid protein deposition in the organs. The kidney 
(70%), heart (60%), liver (60%), gastrointestinal tract (30%), 
and peripheral nerves (15%-20%) can be involved, Result- 
ing symptoms include nephrotic range proteinuria and renal 
failure, congestive heart failure, hepatomegaly, gut dysmo- 
tility, and peripheral neuropathy. Coagulopathy is also com- 
monly seen, and acquired yon Willebrand disease could be 
present. Patients demonstrate free lambda light chain in 70% 
of cases and free kappa light chain in 25% of cases. Intact 
immunoglobulin is only rarely found. Approximately half of 
the clones have t(11;14) and 20% have gain of 1(q21).** The 
revised Mayo Clinic Amyloid Staging system gives prognos- 
tic information, from overall survival of 94 months for stage I 
disease to 6 months for stage IV disease.” 


CaF AA Yas * 
FIGURE 23-22 Amorphous amyloid deposits replacing normal liver 
architecture. 


Treatment often is aimed at eliminating the source of te 
abnormal precursor protein and limiting further organ de 
age. Daratumumab in combination with CyBorD is the fis 
line of therapy based on the ANDROMEDA trial that demoe- 
strated significantly higher organ response rates and PFS wis 
the addition of daratumumab to CyBorD.® Autologous HT 
can be considered in low-risk patients whose organ functis 
are relatively preserved. 


Light-Chain Deposition and Heavy-Chain 

Diseases 

Light-chain deposition disease (LCDD) is similar 10 
mary amyloidosis; both are clonal plasma cell 
tive disorders, but the light-chain fragments do aes 
amyloid fibrils, and while most cases of ALamyte 

are related to lambda secretion, LCDD is usually 7 
As with AL-amyloidosis, LCDD may be associai®® 
multiple myeloma or other conditions, such & ° 


phoma or Waldenstrém macroglobulinemia. In the is 
LCDD is often associated with renal failure, neg 
AL-amyloidosis, which resu!ts in excess protein oe 
Treatment is directed at eliminating the plasma ae 
If the patient is young and has end-stage renal dise 
transplants may be considered eros 
Heavy-chain diseases (HCDs) are very hetet™ 
groups of disorders and do not represent pe: eott 


; F . e 
disorders. They are mentioned here owIn& ie 

abnormal serum immunoglobulin components: heavy 
these disorders exclusively produce monoc ; 


: stemic SYMP ye 
and no light chains. Patients have al are be) 


na. a 
lo! os 


organomegaly. The details of these disor 
scope of this chapter. 


ymMARY CHART 


siacma cells contribute to humoral immunity by 
sroducing immunoglobulins. 

il noglobulins have two heavy chains and two 
chains. 

oglobulin heavy chains are alpha, delta, epsilon, 
and gamma. Light chains are kappa and lambda. 


mn 


oclonal gammopathy of undetermined significance 
US) is evident when a patient has a small M spike, 
M-protein of less than 500 mg per 24 hours, 

‘c bone lesions, less than 10% plasma cells in 

one marrow, and no end-organ damage from the 
oclonal protein overproduction. 

intermediary stage of MGUS and multiple myelo- 
; smoldering myeloma and is evident with the pa- 
has a M spike of >3 g/dL, urine M-protein levels 
500 mg per 24 hrs, and no end-organ damage. 

tiple myeloma is a disorder characterized by: 


nal proliferation of abnormal plasma cells in the 
a one marrow that produces antibodies referred to as 
monoclonal gammopathy. 

Plasmacytoma, a tumor of plasma cells. 

| Bence-Jones proteins secreted in the urine that 
Precipitates at 56°C. 

Patients present with bone destruction, hypercalce- 
nia, kidney failure, and hyperviscosity as well as 
cytopenia, causing anemia, bleeding diathesis, 
nd increased susceptibility to infection. 


ory evaluation in multiple myeloma includes 
trophoresis, immunofixation, quantitative im- 
loglobulin assay, comp cic blood count (CBC), 
eral blood smear, erythrocyte sedimentation rate 


CASE STUDY 23-1 is 
at-old man presented with a 6-month history of 
: Pain. His wife noted that he was frequently confused, 
late — of the day, and made occasional nonsensical 
‘ties aan, He does not have any other medical comorbid- 
)) an otherwise fit, On evaluation, his hemoglobin 

Was 9.5 g/dL with a mean corpuscular volume 
o,f 91 fL. He had a calcium level of 10.6 mg/dL 
Ang 4 0, "8 is 8.8 to 10,5) with albumin level of 2.6 w/t 
calcium of 11.7 g/dL. The creatinine level 
“Teeeived The patient was hydrated with normal saline 
idly bisphosphonate infusion (zoledronic acid) i 

‘ Quick the calcium levels, and the patient's menta 
Protein «1.2 'MProved over the following 3 days. Serum 

trophoresis revealed an M-spike measuring 
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(ESR), bone marrow biopsy examination, chemistry 
panel, beta, microglobulin (8,M), lactate dehydroge- 
nase (LDH), and C-reactive protein (CRP). Diagnostic 
procedures include whole body low-dose computed to- 
mography (CT), positron emission tomography (PET), 
and magnetic resonance imaging (MRI). 

e Staging in multiple myeloma provides an estimated 
extent of disease to help determine the appropriate 
treatment plan and patient prognosis. 

e IL-6 and osteoclast-activating factor (OAF) play major 
roles in the production of the lytic bone lesions associ- 
ated with multiple myeloma by stimulating the develop- 
ment of osteoclasts and subsequent release of calcium 
from bone, thereby weakening the bone structure. 

e Three-drug combination therapy is the primary treat- 
ment in multiple myeloma. 

e Variants of plasma cell syndromes include solitary 
plasmacytoma, plasma cell leukemia, and POEMS. 

e Waldenstrém macroglobulinemia is an indolent B-cell 
lymphoma with overproduction of monoclonal [IgM 
antibodies by plasmacytoid lymphocytes. 

e Manifestations associated with Waldenstr6m macro- 
globulinemia include IgM monoclonal protein, hyper- 
viscosity syndrome, fatigue, cryoglobulinemic purpura, 
and bleeding diathesis. 

e Standard treatment in Waldenstrém macroglobulinemia 
includes rituximab-based therapy and plasmapheresis 
to remove increased levels of IgM. 

e ALamyloidosis occurs in multiple myeloma when 
immunoglobulin kappa («) or lambda (A) light chains 
deposit in organs such as the heart, kidneys, nerves, 
liver, spleen, and gastrointestinal tract. 


4.7 g/dL. Immunoelectrophoresis revealed that the M-spike 
was composed of an IgG-k antibody. His serum IgM level 
was 63 mg/dL, and the IgA level was 120 mg/dL. The 
B, microglobulin was 3.4 mg/dL and LDH was 200 IU/L. 
A 24-hour urine collection demonstrated no monoclonal 
protein. The bone marrow was hypercellular with 70% 
plasma cells, which had kappa restriction, Cytogenetics 
and FISH studies showed normal male karyotype. A lowe 
dose CT scan revealed lytic lesions in the skull, pelvis, both 


arms, and both femurs. 
QUESTIONS 


], What diagnos 
in this patient? 


tic criteria for multiple myeloma are met 


Continued 
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CASE STUDY 23-1—cont'd 


2. What R-ISS stage myeloma does he have? 

3. What is the prognosis of this patient? 

4. Describe the standard therapies that could be used for 
this patient. 


ANSWERS 

1. On bone marrow biopsy, he has clonal plasma cells 
with kappa restriction. He meets the CRAB criteria 
with anemia, hypercalcemia, and lytic bone lesions. 

2. The patient has R-ISS stage II (B, microglobulin 
<3.5 mg/L, serum albumin <3.5 g/dL, standard risk 
cytogenetics and FISH, and normal LDH). 


CASE STUDY 23-2 


A 55-year-old man presented with elevated gamma gap 
on routine blood work. He is otherwise healthy and does 
not complain of any fever, chills, night sweats. On phys- 
ical exam, he did not have any lymphadenopathy, hepa- 
tosplenomegaly, or focal bony tenderness. Serum protein 
electrophoresis revealed an M-spike of 1.6 g/dL. Immu- 
nofixation identified the M-spike as IgA-lambda. Free 
light-chain ratio was 0.40, and 24-hour urine collection for 
protein evaluation showed no monoclonal protein. Serum 
hemoglobin, creatinine, calcium, albumin, and quantitative 
immunoglobulins were normal. A whole body low-dose CT 
did not demonstrate any lytic lesions. The bone marrow 
biopsy revealed 7% plasma cells with lambda restriction by 
immunohistochemistry. 


QUESTIONS 
1. What is the most likely diagnosis for this patient? 
a. Multiple myeloma 
b. Waldenstrém macroglobulinemia 
c. Monoclonal gammopathy of unknown significance 
d. Non-Hodgkin’s lymphoma 
2. What malignancy is most likely to occur in this patient? 
a. Multiple myeloma 
b. Chronic lymphocytic leukemia 
c. Amyloidosis 
d. Non-Hodgkin's lymphoma 


A 59-year-old woman presented with a 35-pound uninten- 
tional weight loss over the past 18 months. She had been 
having trouble concentrating at work, had decreased energy, 
and had two episodes of blurry vision. 

On physical examination, she did not have any enlarged 
lymph nodes. Her spleen was enlarged and easily felt 
approximately 7 cm below her left ribs. Her neurological 


3. The prognosis of R-ISS stage I] MM is 5 
of 62% (see Table 23-6). 

4. Since he does not have major medical comor 
and is otherwise healthy, he appears to be eligible fo 
autologous HCT. The standard therapy will be rir: 
combination induction, most commonly with borin 
mib, lenalidomide, and dexamethasone (VRq), auto}. 
ogous HCT consolidation, followed by maintenance 
therapy. The patients should receive bisphosphonates 
to prevent skeletal complications such as fractures 


“Year surviya) 


bidities 


3. What follow-up schedule would be appropriate? 

a. Monthly serum protein electrophoresis. 

b. Bone marrow biopsy repeated every 6 months for 
2 years. If there is no evidence of myeloma at that 
time, the patient does not have to return anymore. 

c. Repeat the complete evaluation (labs, imaging, and 
bone marrow biopsy) every 6 months. 

d. Repeat the serum protein electrophoresis in 
3 months, then every 6 months thereafter if there 
has been no change. 


ANSWERS 

1. c, Although a few patients develop multiple myeloma, 
non-Hodgkin’s lymphoma, or chronic lymphocytic 
leukemia, most patients with MGUS are not adversely 
affected by this disorder 

a. Multiple myeloma 

d. Once the initial evaluation is complete, no further 
testing needs to be done unless there is a change" 
the production of the M-spike immunoglobulin. Three 
months is considered @ reasonable interval because 
of the known growth ra 
patient’s condition is stab 
the period of time may s 
follow-ups for life 


N 


a 


)f these disorders, If the 
> after that time interval, ; 
y be increased to 6-mont 


, i of 

; ~vegled 3 Hg 
examination was norma!. Blood tests oes of 89% 
9.7 g/dL, hematocrit (Het) of 29.2%, and M hite oe! oF 
and W ; 
Platelet count, white blood cell count, and aid 


na 
‘ : a] was nome” 
ferential were normal, A chemistry panel WS 4 giv 
f9.7 g/dl 


the exception of a total protein lev elo mmictO¢ oo 
min of 2.7 g/dL. LDH was 220 IU/L and Pa serv poe 


3.0 mg/L. The calcium level was 8.3 Mg dL. 


=_ 


CASE STUDY 23-3—cont’d 

noresis revealed a 5.7 g/dL M-spike. The serum 
was 4.1 centipoises. 

noelectrophoresis identified the protein as an 
“The bone marrow was hypercellular with 20% plas- 
; ocytes. MYDS8 mutation was detected. 
diagnosed with Waldenstrém macroglobulinemia. 


9. The calcium level is actually high when the low 
albumin level is considered. 

. The increased viscosity of the blood is causing poor 
circulation through the blood vessels in the brain 
and eyes, resulting in these symptoms. 

¢. On exposure to cold, cryoglobulins in the patient's 

_ head precipitate and block blood vessels. 
Osteolytic lesions in the spine, 

hich statement is most correct about the patient’s 
‘This disease is rapidly fatal and does not respond to 
treatment. 


¢. This is a chronic disorder that often requires treat- 
Ment, and she will probably live another 10 years. 
. She does not need treatment as her disease does not 
lead to any clinically serious complications. 


REVIEW QUESTIONS a 


1, Which laboratory test provides the most important 


Prognostic information in multiple myeloma? 
4 Lipoprotein Lyase 
b. Complete Metabolic Pane! 
B,-microglobulin 
ABO RH Blood Type and Crossmatch 
® Which of the following fultills the diagnostic criteria 


e Multiple myeloma? 
. Blane? Proven plasmacytoma and 10% to 30% 
aan Cells in bone marrow 
> Bi Te than 30% plasma cells in bone marrow 
eas plasmacytoma and M-spike 
. Mo; 
Noclonal protein present 


NUh 
_ ® Monoclonal spike? 
Rocio electrophoresis caused by 

A spike Hy immunoglobulin 

¢, Bence in temperature detected on a thermometer 
~. “Ones Proteins 


* ASD) . 
Pike on electrophoresis caused by Hemoglobin S 
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3. Ifthe patient developed more severe neurological 
problems, what could be done to rapidly lower the IgM 
in the blood? 


ANSWERS 

1. Hyperviscosity syndrome is common with Waldenstrém 
macroglobulinemia, and these are classic symptoms. The 
plasmacytoid lymphocytes may infiltrate nerves, menin- 
ges, and the brain and may be a less common cause of 
mental status changes and neurological changes. Hyper- 
calcemia is uncommon with Waldenstrém macroglobu- 
linemia, and correcting the albumin to 4 g/dL (1.3 g/dL 
increase) would result in a correction of serum calcium 
level of 0.8 X 1.3 = 1.04 mg/dL, totaling 9.34 mg/dL 
This is within the normal range. Cooling of the scalp 
would not result in precipitation of cryoglobulins in the 
brain but might affect the tips of the ears and nose. 

2. The prognosis of patients with Waldenstrém macro- 
globulinemia is predicted by age, serum LDH, serum 
albumin, and B, microglobulin levels (International 
Prognostic Scoring System for WM), She has a score 
of 1 (low-risk) with an expected 10-year survival 
of 59%, 

3, Plasmapheresis is useful in removing IgM-rich plasma 
from the patient within | to 2 hours and may result in 
dramatic resolution of symptoms, 


4. Which of the following would be diagnostic criteria for 

Waldenstrim macroglobulinemia? 

a, IgM M-spike and lymphoplasmacytic cells on bone 
marrow biopsy 

b. Lytic bone lesions and rouleaux 

c. Renal failure and more than 30% plasma cells 

d, M-spike of IgM, IgG, or IgA; low-normal levels of 
other immunoglobulins; inability to make light chains 


5, What does staging refer to? 
a. Bone marrow compatibility 
b. Estimate of disease severity 
c. Chemotherapy regimen 
d. Determination of specific immunoglobulin in 
heavy-chain disease 


Possible renal failure in patients with multiple myeloma 
are due to which of the following? 
a. Heavy chains in the liver 
_ Light chains in the spleen 
. Light chain filtration through the kidney 
Heavy chain deposits in the kidney parenchyma 


a 


b 
d 


$22 
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REVIEW QUESTIONS—cont’d 


7. Which of the following is one of the three main causes 


10. 


11. 


12. 


13. 


14. 


of complex destruction of various organ systems in 
multiple myeloma patient? 

a. Plasma cell count decrease 

b. Neutropenia as a result of failed bone marrow 
c. Overproduction of thrombocytes 

d. Plasma cell expansion 


What are the common features found on bone marrow 

biopsy in patients with multiple myeloma? 

a. Increased numbers of plasma cells with immature 
binucleated, large cells 

b. Increased numbers of immature red blood cells 
with decreased monoblast 

c. Increased number of megaloblasts 

d. Decreased number of neutrophils 


. Plasma cells contribute to immunity through which 


mechanism? 

a. Phagocytosis 

b. Antigen identification 

c. Production of immunoglobulins 
d. Antigen presentation 


Which chains listed below are light chains? 
a. Gamma 

b. Lambda 

c. Delta 

d. Alpha 


Which immunoglobulin contains five units, making it 
the largest of the immunoglobulins? 

a. IgG 

b. IgM 

c. IgA 

d. IgD 


Which immunoglobulin appears first after exposure to 
foreign antigen? 

a. IgA 

b. IgD 

c. IgG 

d, IgM 


Which immunoglobulin is measurable on reexposure 
of foreign antigen? 

a. IgA 

b, IgD 

c. IgG 

d. IgM 


Which immunoglobulin is involved primarily in 
allergic/hypersensitivity reactions? 

a. IgA 

. IgE 

. IgM 

. IgG 


anec0oet 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


Confusion, headache, or stroke can occur w 

immunoglobulin abnormality? 

a, Hypogamma globulinemia 

b. Cryoglobulin production 

c. Overproduction of immunoglobulins Causing 
hyperviscosity 

d. Immunoglobulin dysfunction 


ith Which 


Patients can be susceptible to infection with eNcapgy. 
lated organisms when which condition occurs? 

a. Hypogamma globulinemia 

b. Cryoglobulin production 

c. Overproduction of immunoglobulins 

d. IgE dysfunction 


Light chains dumped into the urine are called 
a. Cryoglobulins 

b. Gamma globulins 

c. Bence-Jones proteins 

d, M-proteins 


Which of the following findings are present in 
MGUS? 

a. Serum M-protein >3 g/dL 

b. Serum M-protein <3 g/dL 

c. Urine M-protein >500 mg/24 hrs 

d. >10% plasma cells in bone marrow 


Which of the following findings are present in 
smoldering myeloma? 

a. Serum M-protein <3 g/dL 

b. Urine M-protein >500 mg/24 hrs 

c. 70% plasma cells in bone marrow 

d. Evidence of end-organ damage 


Which demographic is most likely to realize a 
multiple myeloma diagnosis? 

a. Adult <50 years ol 

b. Adult <30 years old 
c. African Americ 

d. African American ac 


it >60 years old 
lis <50 years old 


Why do patients wit tiple myeloma experience 


increased suscepti! ) infections? 
a. Anemia 

b. Thrombocytop 

c, Overproduction kines 


d, Neutropenia 


if 
ction 
id indicate ov erproduct! 


Which lab finding 

immunoglobulins? 
a, Normocytic, no: 
b. Plasma cells in perip! 
c. Rouleaux 


d. Teardrop cells 


ochromic anemia 
eral blood 


t 
¥ 
} 
} 
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UESTIONS—cont’d 


ive filtering of immunoglobulins by the kid- 


CHAPTER 23 Multiple Myeloma and Related Plasma Cell Disorders 


26. Malignant cells in Waldenstrém macroglobulinemia 


sz 


leads to es maa oe Which lab exhibit which unique finding? 
ienalysis would indicate if this ts happening? a. Dohle bodies 
a. CBC ibe b. Flame cells 
b BUN and creatinine levels c. Teardrop cells 
c. LDH d. Dutcher bodies 
d. ESR 
“4. The highest circulating plasma cell concentration can S@€ 975WrS at the back of this book. 
~~ be witnessed in which of the following? 
a. Multiple myeloma 
b. Solitary plasmacytoma 
c, Plasma cell leukemia 
d. POEMS 
25. Which immunoglobulin is increased in Waldenstrém 
macroglobulinemia? 
a. IgA 
b. IgM 
c. IgG 
d. IgE 
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LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 


24-1 Identify the appropriate ethnic association with 
Gaucher's and Tay-Sachs diseases, 


24-2 Assess the enzyme deficiency seen in Gaucher's 


disease and the cells where lipids accumulate, 


24-3. Name the clinical triad seen in Gaucher's disease, 


24-4 Contrast type |, type Il, and type Ill Gaucher's disease. 


Associate appropriate lab analysis and findings with 
Gaucher's disease, 


Describe the appearance of Gaucher's cells, 


Identify the enzyme deficiency seen in Neimann-Pick 
disease. 


his chapter explains lipid storage diseases, which are rare, 

autosomal inherited disorders, Also known as /ysosomal 
storage diseases, there is subcellular accumulation of unme- 
tabolized material in the lysosomes of various cells. Lipid, 
or lysosomal, storage diseases are caused by various enzyme 
defects (inborn errors) in lipid metabolism that are linked 
to an enzyme deficiency. Although many different types of 
lipid storage disorders have been documented, the most 
widely known and well-established diseases are Gaucher's, 
Niemann-Pick, Tay-Sachs, and mucopolysaccharidoses, 


Overview of Lipid Storage Diseases 


Although all ethnic groups are known to be affected by lipid 
storage diseases, there is an increased incidence of selected 
disorders such as Gaucher's and Tay-Sachs diseases in certain 
526 


24-8 Correlate Neimann-Pick disease with its associated 


clinical and laboratory findings. 


24-9 Identify the enzyme deficiency seen in Tay-Sachs 
disease. 
24-10 Describe clinical and laboratory findings associated 


with Tay~Sachs disease. 


24-11 Evaluate the clinical findings present in mucopoy 
saccharidoses. 
24-12 Assess relevant laboratory analysis and results 
mucopolysaccharidoses 
24-13 Describe the characteristic cell associated with 
sea-blue histiocyte syndrome. 
ws WO 


ethnic groups, most notably Ashkenazi Jews (/e 
their origin to the Baltic Sea region). «joo, 

Lipid storage diseases have a wide clinical ane ot 
ing from patients who are essentially asymptomatic © Pg 
severe and incapacitating signs and symptoms wen 

The aim of treatment for these disorders me. ve, PO 
at prenatal detection. The only currently ai, 
therapy is enzyme replacement, which FPS” 4 
. as imprey™” on 
ards * ‘ 


act 
sents 2° 


of many patients. The greatest controve 
replacement therapy is the opumum amount . 
treatment.! In addition, hematopoietic vig 4 sorte 
tion is an effective treatment for various oe ag 
ders,* Bone marrow transplantation Is omnes we aa 
expensive, and high-risk therapy, '" qontte® 
and practical treatment of enzyme f 


— 


ie * s 
a 

erat 

placement ' 


j characteristics of lysosomal storage diseases are sum- 
at jn Box 24-1. 
mariZ 


ycher’s Disease 

cal Perspective : 7 
er’s disease was first described in 1882 by Philippe 
auch! Wein a 32-year-old woman with an enlarged spleen. 
oe believed that the abnormal cells found in her spleen 
Gauch sy were part of a primary splenic tumor, This abnor- 
a Jater named Gaucher's cell, is the result of the defi- 
mal ¢ of the enzyme beta (()-glucocerebrosidase, which 
eae 9 an accumulation of unmetabolized substrate glucoce- 
Reside in cells, predominantly the monocyte-macrophage 
tem (the reticuloendothelial system; Fig. 24-1). Gaucher’s 
observations were studied further, and the entity known as 
Gaucher’s disease was defined and characterized as a famil- 
jal disorder at the turn of the last century.* In 1920, another 
variation or type of Gaucher’s disease characterized by neuro- 
Jogical involvement was first described. It was after this date 
that Gaucher’s disease was classified as a lysosomal stor- 
age disorder resulting from an enzyme deficiency with an 


-1 General Characteristics of Lipid Storage 


Diseases 


* Rare, inherited autosomal-recessive disorders 
* Also known as lysosomal storage diseases because of 
accumulation of unmetabolized material in lysosomes 
Caused by enzyme deficiencies in lipid metabolism 
Increased incidence of some lipid storage diseases in certain 
&thnic groups (i.e., Gaucher's clisease in Ashkenazi Jews) 
* Great variation in clinical expression (i.e, asymptomatic to 
Severe with early death) 
iy Effective therapy: enzyme replacement 
well-known and characterized; Gaucher's disease, 
Niemann-Pick disease, Tay-Sachs disease, and 
MuCopolysaccharidoses 
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her's Diseuse: Clinical Findings by Subtype 


Type I: Nonneuronopathic 
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FIGURE 24-1 Gaucher's cell, bone marrow aspirate. 


autosomal-recessive inheritance pattern. Although Gaucher’s 
disease is the most frequent lysosomal storage disease, it was 
not until 1965 that the actual enzyme deficiency was identified 
as glucocerebrosidase. In 1984, the gene for glucocerebrosidase 
was cloned, and in 1991, an important breakthrough occurred 
with the initiation of clinical trials for enzyme replacement 
therapy at the National Institutes of Health (NIH).’ Gaucher’s 
disease became the first enzyme-deficiency disorder to be 
successfully treated with infusion of replacement enzyme.* 


Classification and Clinical Findings 
Gaucher’s disease has three clinically recognizable subtypes: 


e Type I —nonneuronopathic (adult form) 
e Type II — acute neuronopathic (infant form) 
e Type III — subacute neuronopathic (juvenile form) 


Gaucher’s types I, II, and III have in common the clinical 
triad of hepatosplenomegaly, the finding of Gaucher’s cells in 
the bone marrow, and an increase in serum acid phosphatase.* 
The severity of the disease and the patient’s age when the dis- 
ease first manifests are related to the magnitude of the enzyme 
deficiency. The clinical findings of each type of Gaucher’s 
disease are briefly summarized in Table 24—1. 


Subtype 
Type Il: Acute Neuronopathic Type Ill: Subacute 
(Infant Form) Neuronopathic (Juvenile Form) 
Infancy Childhood/juvenile 
1/100,000 1/100,000 


+ 


+ + 
_ + 

+++ +t 

2years 20-40 years 

Panethnic Swedish (Norbottnian) 
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A small number of patients with the severe forms of the 
disease develop central nervous system damage, delayed sex- 
ual maturation, severe wasting, and eventually die. It should be 
noted that clinical presentations can be misleading because some 
of these patients can still develop underlying skeletal complica- 
tions. Bone density and decreases in bone stability have been 
observed in 75% to 90% of patients diagnosed with Gaucher’s 
Disease.° It is important, therefore, to perform a baseline skeletal 
evaluation even in patients with a mild case of the disease. The 
femoral head is the most common initial bone site to be affected 
by the disease, and this area should be evaluated by magnetic 
resonance imaging (MRI) to assess for avascular necrosis.’ 

Bone involvement in Gaucher’s disease can present as 
chronic bone pain or severe crises similar to those described 
in patients with sickle cell anemia. The severity of such 
episodes of bone involvement is unpredictable. 


> ADVANCED CONTENT 


Skeletal involvement in Gaucher’s disease includes a 
spectrum of findings radiographically ranging from mini- 
mal bone loss and osteopenia to severe evidence of bone 
destruction, including osteolytic and sclerotic lesions.”* 
The osteolytic lesions seen on the x-ray study of the knee 


FIGURE 24-2 Anteroposterior radiograph of the knee shows diffuse 
mottled increased density of the distal femur and proximal tibia, 
characteristic of widespread bone infarction in Gaucher's disease, The 
metaphyseal regions are broader than normal (arrow), resembling an 
Erlenmeyer flask deformity. {Courtesy of Charles S. Resnik, MD, Depart 
ment of Diagnostic Radiology, University of Maryland Medical Center, 


Baltimore, MD.) 


of a patient with Gaucher’s disease is 


Figure 24-2. demonstra 


The underlying mechanisms of the bone co 

of Gaucher’s disease are not well defined. It is aaa 
Gaucher’s cells infiltrate the medullary Space and Umed t., 
replace trabecular bone and initiate a series of even 
to osteopenia, osteolytic lesions, and Osteonecro 
er’s disease is clearly a multisystemic disorder ¢ 
not only by skeletal disease but also by organom 
tologic complications, and occasionally pulmo 
ment.’ Patients that present with bleeding com 
nosebleeds are particularly common. 


eventual 
US that ex 
sis, Gaus, 
haracteriny 
egaly, hems, 
Mary involve. 
Plications ay 


Type | Disease 
Type I nonneuronopathic Gaucher’s disease is the most com. 
mon type of this disorder and the most common of the lind. 
ses. Itis the most frequently inherited disorder in the Ashkengy 
Jewish population. There is a remarkable degree of variabiln 
in the clinical signs and symptoms. Some patients with ie 
I Gaucher’s disease may display anemia, thrombocytopenis 
massively enlarged livers and spleens, and extensive skelew 
disease. In contrast, other type | Gaucher’s disease patiens 
have no symptoms at all, and the disorder is identified in ther 
adult years only during the screening or evaluation for othe 
diseases. The average age of onset is between 30 and 40 yeas 
In most cases of a severe disorder, the diagnosis is made s 
childhood or early adulthood. Approximately two-thirds & 
the patients with type | Gaucher’s disease are of Ashken 
Jewish descent.’ The remaining one-third of patients with ye 
I disease have a panethnic distribution. 

Three clinical presentations occur in the type I nonneuroi 
pathic form of Gaucher’s disease, as shown in Table 24-2" 


Type Il Disease 

Type I Gaucher’s disease is 
infancy, and patients rarely 
Type II acute neuronop 
all ethnic groups, altho 
population. The frequen 
approximately | in \( 


a much rarer form that oceuss® 
irvive past the age o! 2 ye 
© Gaucher’s disease 1s 1 
t is uncommon in the iF 
type II disease !s estimated * 

, 500,000." The hallmat* 


TABLE 24-2 Clinical 
Disease 


Findings othe 


Presentation 


Mild ° 25% of patients 
ymptomatic 


need for treatment 


te patosplenomegaly , 
mal blood cou" 
pearance 


Moderate 


* Near-nor 
» Normal physical ap 


egaly 
« Massive hepatosplenom® 
ant thrombocy"? 


 Siqnific : 
e eletal complicate 


« Anemia, sk 


r’s disease is neurological involvement, includ- 
eee such as difficulty swallowing, opisthoto- 
ing multiP arching of the spine), and other manifestations 

(ere involvement that are noted early in infancy,!° 
of brain thas difficulty in feeding and fails to grow. Death 
a before the age of 2 years. Familial intermar- 
sual) quently found in the infant’s family history. 

4 clinical presentation of this type II disease is much 

uniform than that observed in type I Gaucher’s dis- 

and is very severe. The disease exhibits a progressive 

pattern of clinical symptoms, with hepatosplenomegaly evi- 
dent within the first 6 months of life and often discovered by 
3 months of age. The principal cause of death in infants with 
ype ll Gaucher’s disease is brainstem damage. 
Type lll Disease . 
Type Ill Gaucher’s disease may be present from early child- 
hood to the teenage years and is characterized by clinical and 
physical findings and survivals ranging between those of type 
land type Il.? Type III has been noted, especially in a group 
of children from northern Sweden, in the offspring of sev- 
eral related intermarriages. Neurological involvement is also 
characteristic of type III Gaucher’s disease; however, the clin- 
ical manifestations are much more heterogeneous than those 
observed in type II. 

Four subtypes of type II] Gaucher’s disease have been 
described, types Ila—IIIc and the Norrbottnian variant." 
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sic form, type Illa, usually presents itself clini- 
* early childhood and midadult life. Type IIIb 
t's disease is characterized by a clinically aggres- 
__ -¥stemic disease with neurological involvement of iso- 
ntal supranuclear gaze palsy as the major sign." 
“Motor disorder is the distinctive neurological feature 
Pe IIIb Gaucher’s disease. Type IIIc is a rare subtype 
acterized by cardiac and aortic complications, a 
lear gaze, hepatosplenomegaly, hydrocephalus, 
al abnormalities. A fourth and final subtype of 
type III is the Norrbottnian variant. This 


Type lil 


Infancy to early 


Early childhood to 


ae midadult childhood 
Mild to moderately Aggressive systemic 
—__ Severe disease 


Ocular motor 
disorder, horizontal 
supranuclear gaze 
palsy; mild cogni- 
tive impairment 


At onset; multi- 
focal rapid jerky 
Movements, ataxia, 
Spasticity, demen- 
tia, and seizures 
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| 

Tare subtype is associated with massive visceral involvement, 
cognitive deficits, and is historically linked to the subtype 
observed in northern Sweden in the 16th century.'? Gener- 
ally, in type III Gaucher’s disease regardless of the subtype, 
the more severe the neurological disease, the shorter the sur- 
vival. The clinical characteristics of type IIa and type IIIb 
Gaucher’s disease are compared in Table 24-3. 


Laboratory Testing and Results 

The definitive diagnosis of Gaucher’s disease is made 
with an assay showing the deficiency of enzyme acid B- 
glucocerebrosidase in the leukocytes or mononuclear cells.” 


> ADVANCED CONTENT 


Rare cases of Gaucher’s disease have Saposin C deficiency, 
which should be tested in cases where glucocerebrosidase 
activity is normal but the clinical picture and biomarkers 
point to Gaucher’s disease. The diagnosis in those cases is 
made by sequencing for PSAP gene."! 

The gene for the enzyme glucocerebrosidase is located 
on chromosome /g2/—3/. Since the characterization, clon- 
ing, and sequencing of the glucocerebrosidase gene in 1984, 
over 500 mutations of the GBA/ allele have been reported.” 
The mutations include both single insertional and point 
mutations as well as crossover mutations, and all mutations 
that cause Gaucher’s disease have complex effects on the 
properties of this enzyme. The majority of Gaucher’s dis- 
ease in North America and Europe involve N370S or L444P 
mutated alleles of the GBA/ gene." 


The normal enzyme, glucocerebrosidase (acid B- 
glucosidase), is a lysosomal enzyme responsible for the 
degradation of the glucosylceramide molecule, preventing 
its build-up in tissue cells.* Protein synthesis of the normal 
enzyme occurs in the endoplasmic reticulum, with transport to 
the Golgi apparatus for glycosylation and delivery to the lyso- 
somes of the cell. Mutations at the genetic level that code for 
the production of this enzyme have direct effects on the cat- 
alytic activity, with decreases in enzyme from 50% to 90%.'4 
In addition, enzyme stability and half-life activity (normal is 
60 hours) are also decreased for acid B-glucosidase as a result 
of these mutations." 

Peripheral blood, bone marrow, and spleen are sites most 
frequently examined in patients with Gaucher's disease. The 
peripheral blood nearly always demonstrates a moderate normo- 
cytic, normochromie anemia with thrombocytopenia because 
of the replacement of normal hematopoietic cells with Gauch- 
er’s cells in the bone marrow. There is pooling of blood in the 
enlarged spleen and some degree of ineffective erythropoiesis, 
with decreased incorporation of iron in erythroid precursors in 
the bone marrow. As a result, active signs of a compensated 
anemia such as polychromasia and nucleated red blood ¢ 
are usually absent on the peripheral smear. Leukocyte 


s 


are 


a 


commonly decreased in number, Platelets are also usually stored in histiocytes, with their end mo 
decreased in number as a result of splenic sequestration.'* identical to that of true Gaucher's cells, 
Gaucher’s cells are rarely noted in the peripheral blood. Bone 


marrow aspirates are often the first tissue in which Gaucher’s 
cells are detected and support the diagnosis (see Fig. 24-1). ADVANCED CONTENT 
| 
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These cells are histiocytes, 20 to 100 jm in diameter, found in Pseudo-Gaucher’s cells are also seen in a ets 


rather an overtaxing of a normal system. 


moderate numbers and as clumps of cells in the thickest areas disorders, including acute myelocytic leuk TY Of oh 
of the smear, One or more round to oval nuclei are present ymphocytic leukemia, plasma cell myelom CMia, chron, 
in each cell. The cytoplasm is faintly blue with Wright’s stain mia, idiopathic thrombocytopenic atte Aplastic an. 
and has a “crumpled tissue paper” or finely folded appearance, major, and some infectious diseases.’ the thalassen, 
possibly as a result of glycolipid deposition. Gaucher-like cells in patients with these igo of 
a a RS eee i. | Se Per i ape It should be ark 
that in each of these diseases there is no defj 
b> ADVANCED CONTENT iG -glucocerebrosidase, as there is in Clicker dace 
| 


Electron microscopy has demonstrated that this appearance 
_ is the result of lamellar bodies stacked inside secondary 
| phagolysosomes. These cells stain positive with periodic 
_ acid-Schiff (PAS), acid phosphatase, Sudan black B, and _— Prognosis 

_ oil red O stains because of the accumulation of the unmet- As previously stated, the length of survival in patients yi 
abolized glucocerebroside. Gaucher’s disease is variable and depends on the type. Thy 
adult form (type I) has the longest survival, with patients sy. 
viving commonly into adulthood. In the infantile form (typell, 
survival beyond 2 years of age is rare. Like the clinical feature: 
survival in the juvenile form (type III) is intermediate betwee 
the first two, and patients usually live into adolescence. 


It is important to note that the presence of Gaucher’s cells is 
not pathognomonic for Gaucher’s disease because these cells 
may also be found in other lymphoproliferative disorders. 

The spleen is variably enlarged, owing to the accumulation 
of masses of Gaucher’s cells. The enlargement is commonly - 
up to 10 times normal splenic weight and can cause consider- | 
able discomfort to the patient. Other organs and systems com- be ieenceD. CONTENT 


monly affected include the liver and, in type II, the nervous _ Patients with Gaucher’s disease seem to have an increased 
system, pituitary gland, kidneys, lung, and ovaries. These _ incidence of Parkinson’s disease. The underlying mech 
organs contain massive deposits of Gaucher’s cells. nism is due to deficient glucocerebrosidase activity result 


in slowdown of «-synuclein degradation with accumulate: 
of «-synuclein in the cytoplasm, forming insoluble agg 


The serum acid phosphatase level is increased, and iso- 
zyme measurement of this enzyme has shown that the 


tartrate-resistant fraction is what is increased in patients | gates of Lewy bodies."” 
with Gaucher’s disease. The common laboratory findings in } A relatively increased risk of cancer in patients wid 
Gaucher’s disease are listed in Box 24-2. | Gaucher’s disease has also been reported," err 
Although the Gaucher’s cell is associated with the disease, | because of an increased incidence of hematologic mile 
so-called pseudo-Gaucher’s cells have also been described. | nancy, Patients with Gaucher’s disease are 15 times a 
They are seen in disease states with increased cellular tum- _ likely to develop a hematologic malignancy than be 
over, especially chronic myelogenous leukemia, in which the | individual. The most freque ntly reported me 
phenomenon was first described. In theory, the increased cell | malignancies in Gaucher's \lisease are multiple mye 
turnover presents excess glycosylceramide to the reticuloendo- chronic lymphocytic leukemia, Hodgkin's disease 
thelial system. The enzyme system is overwhelmed and cannot non-Hodgkin’s lympho snd acute leukemia. 4 
adequately metabolize all of the material. The excess istherefore This increased risk « r snancy can be Leyet 
_ immunological abnormalities found in patients W ith OS “tt 
| di se a rmatiti include increase 
Gaucher's Disease: Laboratory Findings "Ate a vo. decreased natural vert a 
cells, polyclonal B-cell lymphocytosis, and plasm 
* Normocytic, normochromic or normocytic, hypochromic 
anemia 
* Leukopenia 
 aibcombocytopensa CRITICAL THINKING QUES T!ON 
* Gaucher's cells in bone marrow aspirate ase, WHY aren 
+ Increased serum acid phosphatase 24-1 If anemia Is present in Gaucher's dise ; ni 
* Positive staining of Gaucher's cells in the bone marrow with nucleated red blood cells or other anemi i) wit 
periodic acid-Schiff, acid phosphatase, Sudan black B, and oil See answers to all Critical Thinking Qué stions * 


red O stains of this book. 


——— a 


he) _— 


treatment f th wer treat i 
advent of the ne reatment modality of 
Before placement therapy, Gaucher’s disease was tra- 
vonally managed by supportive therapy. Total or partial 
ditt my was frequently performed. In addition, transfu- 
orthopedic procedures, and occasionally bone marrow 
Jantation were used in some patients. Although poten- 
tially curative, allogeneic bone marrow transplantation is an 
extremely aggressive and high-risk therapy. In 1991, a major 
ent occurred in the treatment of Gaucher’s disease 
|, The U.S. Food and Drug Administration approved the 
use of enzyme replacement therapy for this disorder. Gauch- 
er’s disease is the first lysosomal storage disorder for which 
enzyme replacement therapy is available. Enzyme replace- 
ment therapy has successfully reversed many of the clinical 
complications of this disorder, including correcting blood 
counts and reducing the organomegaly that occurs in these 

. 3618 
The first enzyme replacement therapy utilized was a puri- 
fied enzyme from human placenta. This enzyme, which is 
an alglucerase injection, is manufactured by Genzyme Cor- 
poration as Ceredase and has demonstrated effectiveness by 
reversing the signs and symptoms of Gaucher type I, nonneu- 
ronopathic disease. A recombinant form of the enzyme, which 
is also produced by Genzyme Corporation as Cerezyme, is 
genetically engineered and has the advantage of being unlim- 
ited in supply. In addition, the recombinant Cerezyme has the 
advantage of a very low risk of transmitting any infectious 
agent and has a lower rate of patients developing IgG antibod- 
es to the glucocerebrosidase enzyme.*!” 


sions, 
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he alternative treatment approach is oral substrate reduc- 
Hon therapy (pharmacological chaperones), which aims to 
| tease production of glucosylceramide, thereby reducing 
levels in the ce!i to match the residual activ- 
W of mutant enzyme.*"” Pharmacological chaperones that 
~ pass the blood-brain barrier are currently under intense 
~~ £ation to potentially ameliorate neuronopathic com- 
= Ons in type 2 and type 3 Gaucher’s disease.® 


Nemann-Pick Disea 


in Hpac form of lipid storage disease was first described 
io subsequently by Pick in 1933.” 
“tzyme sphi Ick disease is caused by a deficiency of the 
the AgOmyelinase, with a secondary accumulation of 
1Zed lipid sphingomyelin as well as cholesterol. 
1 Is a sphingophospholipid that is a common 
fell Membranes as well as cellular organelles. 
‘er, 5 a deficiency of sphingomyelinase is a serious dis- 
“Sum een characteristics of Niemann-Pick disease 
A Wide Zed in Box 24-3 

“Verity ha Variety of clinical manifestations of variable 

€N reported in patients with Niemann- Pick 


Momyelj 
tituent ° 
*Tesuly 
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General Characteristics of Niemann-Pick 


Disease 


Inherited lipid storage disease 

Caused by a deficiency of the enzyme sphingomyelinase 

* Niemann-Pick cells (lipid-laden giant foam cells) found in 
bone marrow aspirate, tissues, and organs 

* Increased incidence in the Jewish population 

Five types: A to E have been described 


Wide variety of clinical manifestations 
———— 


disease. These include growth restriction, hepatosplenomeg- 
aly, lymphadenopathy, pigmentation, and impaired neurologi- 
cal functions.?! A large number of lipid-laden giant foam cells 
known as Niemann-Pick cells can be found in affected tissues 
and organs (Fig. 24-3). The detection of Niemann—Pick cells 
in patients with this disorder is essential for the diagnosis of 
this disease. There is an increased incidence of Niemann—Pick 
disease in the Jewish population, especially in groups with 
common ancestry. 


Classification and Clinical Findings 

Because of the very different clinical manifestations of the 
disease, five types, A through E, have been described.” Only 
types A, B, and C are discussed here. Type E, which is very 
rare, has been found only in adults and is characterized by a 
mild chronic course and a lack of neurological manifestations. 
Types A, B, and C of Niemann-Pick disease are compared in 
Table 244. 


Type A Disease 

Type A Niemann-Pick disease is also known as infantile or 
classic Niemann-Pick disease. \t is the most common form, 
accounting for up to 85% of all cases of Niemann—Pick dis- 
ease. The onset is early in infancy and is associated with fail- 
ure to thrive, difficulty feeding, and restricted physical and 
mental development. The skin has a waxy consistency. There 
is often jaundice at birth and, usually, hepatosplenomegaly 
with a distended abdomen. The lymph nodes are enlarged as 
well. A cherry-red spot in the macula of the eye is found in 


FIGURE 24°3 Niemann-Pick cell, bone marrow aspirate 
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Incidence 


TABLE 24-4 Comparison of Types A, B, and C Niemann-Pick Disease 


enlarged lymph nodes, cherry-red spot in 


Classification 
Type A, Infantile or Classic Type B, Chronic or Adult Form and Adolescent or Adult fone 
Accounts for 85% of all cases Rare cut i ag 
Clinical manifestations Jaundice at birth, hepatosplenomegaly, a Hepatosplenomegaly Hepatosplenomegalyininfagg 


Survival 1-2 years 


approximately 50% of the affected infants. The neurological 
Symptoms are more pronounced in this type of Niemann—Pick 
disease than in any of the other types. Deterioration is rapid, 
and survival past the age of 1 or 2 years is rare. 


Type B Disease 

Also called the chronic or adult form, type B Niemann— 
Pick disease is much rarer than type A, with approximately 
20 reported cases in the literature. Clinical onset consisting of 
hepatosplenomegaly usually occurs in infancy, but the central 
nervous system is not involved. Individuals with this type of 
disease may live longer than those with type A, but they do 
not survive beyond childhood or early adolescence. 


Type C Disease 

Type C Niemann—Pick disease has been described in two 
forms, an infantile or juvenile form with a prolonged life 
span and an adolescent or adulthood form, which is generally 
slower in evolution and progression.” 
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e primary defect in type C Niemann-Pick disease is not 

to enzyme sphingomyelinase deficiency as in type A 

and B but rather due to mutations in NPC/ or NPC2 pro- 

teins. However, this type is characterized by a milder 

defect in sphingomyelinase activity and an abnormality in 

cholesterol transport reflected in an alteration in cholesterol 
esterification from exogenous cholesterol. 


Type C Niemann-Pick disease is an autosomal-recessive 
disease characterized by a gradual and ill-defined onset of 
neurological abnormalities, which include unsteady gait, poor 
motor coordination, slurred speech, dysphagia, and ophthal- 
moplegia (paralysis of the eye muscles).”* When neurologi- 
cal symptoms appear, psychotic manifestations may also be 
predominant. Neuro-ophthalmological findings, in which the 
oculomotor system is often affected, are also characteristic, 
In addition, seizures often appear with neurological involve- 
ment, with grand mal seizures most frequently observed. 
Frequent seizures may contribute to the mental deterioration 


7 adult fy 
macula of the eye, neurological symptoms, neurological abnormalities, reas 
restricted physical and mental development pate ophthalmological findings, Seizures 


Childhood or early 
adolescence 


Juvenile or adulthood 


observed in patients with type C Niemann-Pick disease, fj 
atosplenomegaly is a constant finding in the infantile o, juve. 
nile form, whereas hepatomegaly is often absent in the ada 
form. Splenomegaly, however, is present in the adult fom 
with thrombocytopenia being a sign of hypersplenism, qh. 
characteristic foam cell, Niemann-Pick cell, sea-blue histi. 
cytes, or a combination are a consistent finding in the bone 
marrow of patients with type C Niemann-Pick disease, Diz. 
nosis of type C Niemann—Pick disease is made with the find 
ing of the characteristic abnormality in cholesterol transport 
and esterification from exogenous cholesterol. 


Laboratory Testing and Results 

There is a distinct pattern to the histiocytes in Niemann-Pic 
disease. These cells are most commonly seen in bone manvy 
and spleen, although they accumulate throughout the bo) 
and in the nervous system (patients with type A disease). Thy 
are large cells, 20 to 90 xm in diameter, with an inconspicuss 
nucleus. The cytoplasm is filled with and distended by rou 
uniformly sized droplets of accumulated lipid, turning thee 
a very pale or light blue when Wright-stained (see Fig. +) 


or —— el 
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Stains producing a positive reaction with Niemam-Ps 
cells are the lipid stains oil red O, Sudan black, and L™? 
fast blue, and acid phosphatase and nonspecific Lee 
_ The PAS staining is weak, and the myeloperoxidas® 
__ is negative. ry 
The bone marrow of some adult patients with 
varieties of Niemann—Pick disease contains i até 
Niemann-Pick cells and sea-blue histiocytes eat 
distended with blue-staining ceroid on Wright's rie p 
believed that the sphingomyelin is gradually — 7 
| ceroid, thus generating the sea-blue histiocy"€** ip 
| specimen with these findings would then need im , * 
| guished from the entity of sea-blue histiocyts° 
| Histiocytosis section at the end of this chapter) 
Other disorders that may cause Niemann-PI¢ 0s) 
_ in the bone marrow are GM, gangliosidos's, 


midosis, and Fabry’s disease. 


jo 


q blood is most remarkable for the vacuoles 
ag fe ed in lymphocytes and monocytes of a rou- 

blood smear (Fig. 24-4). These vacuoles are 
oan - 2 to 20 may be found within one cell. Anemia 
“kopenia may be present but do not usually present any 
to the patient. Serum lipids are not usually increased. 
cay of the enzyme sphingomyelinase activity in leuko- 

and fibroblasts can also be performed. 


ongnosis and Treatment 
“There may be a slightly longer survival in Patients with the 
4 types of Niemann-Pick disease, but those with type A 
fave a very short life expectancy. Survival past the age of 
“2 years is uncommon. Currently there is no treatment for 
“Niemann-Pick am cg eR capri bone 
= ants have been reported for type B.”° In addi- 
cer scics have focused on finding a source of 
" earyme replacement for sphingomyelinase” and gene therapy 
-_ysing retroviruses. 
‘ 
Tay-Sachs Disease 
_Also known as GM, gangliosidosis, Tay—Sachs disease was 
"fist described in 1881 by the British ophthalmologist War- 
‘ma Tay. In 1886, the New York neurologist Bernard Sachs 
ed the term familial amaurotic infantile idiocy to describe 
this disorder. Its incidence in the Ashkenazi Jewish population 
iS more than 250 times greater than that in the non-Jewish 
Population. It is estimated that this high-risk group has a 1 in 
BS carrier rate.* This autosomal-recessive sphingolipidosis is 
the result of a deficiency of the enzyme hexosaminidase A 
(HexA), with an increase of the other isoenzyme, hexosamin- 
idase B. Hex enzymes are the product of two genes. HEXA 
‘= HEXB genes comprise the alpha and beta subunits of 
The genes are located on chromosome 15 and chro- 
Rosome 5, respectively.” Inheritance of two abnormal alleles 
(one from €ach parent) accounts for almost all infantile Tay— 
iy ©ases in the Ashkenazi-Jewish population. The sever- 
of the disease correlates with the level of residual enzyme 
eg € unmetabolized GM_ ganglioside accumulates in 
all tissues and has its most devastating effects within 


‘ 
; a, 
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4 
gn 
iJ 


24-4 7, : 4 
Niemann pea 'S disease, vacuolated lymphocytes (also character- 


disease). 
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the central nervous system and eye.?” The general character- 
istics of Tay-Sachs disease are summarized in Box 24-4.” 


Clinical Findings 

Although affected infants appear normal at birth, by 6 months 
of age both physical and mental deterioration are notable. 
They have an exaggerated physical response to noise (the 
Startle reflex) beginning at age 3 to 5 months. There is a pro- 
gressive loss of motor function with weakness, decreased 
attentiveness to surroundings, hypotonia (diminished tone of 
skeletal muscles), and poor head control between the ages of 
6 and 10 months.” In addition, a cherry-red spot in the macula 
of each eye is found; this is the most characteristic feature 
of Tay-Sachs disease. The central nervous system steadily 
degenerates after 1 year of age. Along with the continual dete- 
rioration, there is enlargement of the head (macrocephaly), 
seizures, and paralysis. Spasticity with hyperactive reflexes, 
deafness, and blindness follow. The neurons are greatly 
enlarged by accumulation of the unmetabolized ganglioside 
in vacuoles in the cytoplasm. In contrast to many other lipid 
storage diseases, the spleen, liver, and lymph nodes are not 
enlarged. Feeding is poor, and death occurs by four years of 
age. It should be noted that cherry-red spots are not pathogno- 
monic for Tay-Sachs disease; however, this clinical finding in 
a Jewish infant with the absence of organomegaly is strongly 
suggestive of Tay-Sachs disease.” 


Laboratory Testing and Results 

A deficiency of hexosaminidase A is the basic cause of this 
disease. Hexosaminidase A is the enzyme responsible for 
hydrolyzing GM, ganglioside, the glycolipid that accumulates 
in neurons. This deficiency can be demonstrated in the serum, 
plasma, leukocytes, and cultured fibroblasts of infants with 
Tay-Sachs disease. 

The major site of pathology is the central nervous sys- 
tem, and examination of other tissues is less informative. 
The peripheral blood contains vacuolated lymphocytes (see 
Fig. 24-4). The number and size of the vacuoles are related to 
the duration of the disease. It is postulated, but not definitely 
proven, that they contain the unmetabolized lipid GM, gan- 
glioside. Vacuolated lymphocytes, however, are not pathog- 
nomonic for Tay-Sachs disease because they are also seen in 
Niemann-Pick disease and in certain types of leukemia. Foam 
cells, or vacuolated histiocytes, are found in the bone marrow. 


+ General Characteristics of Tay-Sachs Disease 


Known as GM, gangliosidosis 
Autosomal-recessive inheritance 

Caused by deficiency of hexosaminidase A 
Higher incidence in Ashkenazi Jewish population 
Central nervous system degeneration 

Physical and mental deterioration 

Cherry-red spot in the macula of each eye 
Macrocephaly (enlargement of head) 

Seizures and paralysis 

Death by 4 years old 

a ma 
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The presence of these cells is helpful but not diagnostic for 
the disease. 

Because of the high frequency of this disease in certain 
populations, prenatal detection has taken on greater impor- 
tance. Culture of fetal fibroblasts from the amniotic fluid 
can be undertaken to detect hexosaminidase A levels in the 
fetus. Mass screening programs of adults at possible risk for 
transmitting the disease have been undertaken, with variable 
success. 


Prognosis and Treatment 

The infantile form of Tay-Sachs disease is uniformly fatal 
before age 4. Enzyme replacement is now being attempted, 
and the results of the potential therapy are not yet known. 
Patients with the juvenile and adult forms of Tay-Sachs dis- 
ease have longer survival than those with the infantile form, 
although it is quite variable. Supportive treatment remains 
the mainstay of this disorder, which includes management 
of hydration, recurrent infections, and seizures with conven- 
tional fluids, antibiotics, and drugs, respectively. Prenatal 
diagnosis can be performed by measuring hexosaminidase 
A in amniotic fluid, cultured amniocytes, or chorionic villus 
samples. 


Mucopolysaccharidoses 


The mucopolysaccharidoses (MPSs) are rare disorders that 
constitute a group of lysosomal storage diseases caused by a 
deficiency in one of the enzymes involved in the breakdown 
of mucopolysaccharides.* 

Similar to the other lipid storage disorders, the MPSs show 
accumulations of unmetabolized material within lysosomes 
(Fig. 24-5); however, it is mucopolysaccharides, not sphingo- 
lipids, that accumulate. Products are found in the reticuloen- 
dothelial system (spleen, bone marrow, liver), lymph nodes, 
blood vessels, brain, heart, connective tissue, and urine. The 
clinical severity of these disorders varies widely, with mild, 
intermediate, and severe forms. Multiple clinical presenta- 
tions exist, including skeletal abnormalities, organomegaly, 
facial dysmorphism, and corneal opacities. 


FIGURE 24-5 Hurler's anomaly. Note the Alder-Reilly bodies (arrow) that 
represent partially digested mucopolysaccharides which are permanent 
and resemble toxic granulation. 


The original description of children affected w: 
ent forms of the MPSs was published within sid With dig, 
time span at the turn of the last century. jp re rab the 
Dr. John Thompson first described three young es 1M 194 
the characteristics of MPS. Gertrud Hurler shies 
description, describing two unrelated boys jn 2 
with very similar characteristics, now known 
drome. In 1917, Hunter described two brothe 
lation of abnormalities now recognized as H 

The general characteristics of MPSs are | 


ery Wij 
ated oy 
Munich jn Ing 
4s Hurler’s 
TS With a ting ; 
wes SyNdrom 
Isted in Box 34 ¢ 
Classification 2 
The MPSs have been arranged into seven categories but th 
are only four possible unmetabolized products that build 
in tissues: keratin sulfate, dermatan sulfate, heparan sults. 
and chondroitin sulfate. Table 24—S outlines an abbrevian 
classification scheme for MPSs.* With the EXCeption of 
Hunter’s syndrome, which is X-linked recessive, these és 
orders have an autosomal-recessive mode of inheritance 
There does not appear to be a significant increase of affeyy 
individuals within any one ethnic group. 
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: In terms of the biochemical classification of MPS, ve 
_ different clinical phenotypes can result from differes 
| mutations at the same locus. Characterization of these me 
| tions showed deletions for MPS I, Il, and III, and a pos 
_ mutation for MPS IV. For example, in MPS I H (Hurl 
_ disease) and in MPS I S (Scheie’s syndrome), mutaios 
at the same locus of the enzyme alpha («)-iduronidet 
| occur for both disorders, producing quite different cline 
_ phenotypesss.* In Hurler’s disease, there is a progrss* 

mental and physical deterioration, with death occu 

usually in the first decade of life. This is in contrast 

course in Scheie’s disease, in which the condition 's at 
intellect is normal into adult life, and life expec™™ ” 
| normal. The presence of many different mutations an 
a-iduronidase enzyme locus that may be inherited nce 
the homozygous or heterozygous state accounts me 
wide variation in clinical phenotypes. The use at 
ular probes to characterize these mutations will st 
ally allow correlations to be made between mutalio 
phenotypes. 


5 General Characteristics 


of Mucopolysaccharidoses= 


* Rare lysosomal storage disease 
* Autosomal-recessive inheritance oe 
in 
* Deficiency of one of the enzymes involved 
of mucopolysaccharides 
* Panethnici a 
oy ting from differ” 


* Different clinical phenotypes resu! 
tions at the same locus 


he preakio™ 
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~ +4. Mucopolysaccharidoses (MPSs)°334 
al £ 24-5 


Autosomal- 
recessive 


Autosomal- 
recessive 


MPS1H-S Autosomal 
(Hurler-Scheie) recessive 


MPS (Hunter's) X-linked 
Tange of recessive 


SeVerity) 


MPs 1 

i 

San Filippo A Autosomal- 
i recessive 
N Fil 

Ws = 

Sn Flippg c misnaanva 

ssive 


Accumulated 
Product Enzyme Deficiency 
“Heparan sulfate —_«-t-iduronidase 


*Dermatan 
sulfate 


Clinical Features 


*Onset 6-8 months 
*Severe intellectual 
disability 
*Dwarfism 
*Large long head 
*Flat broad nose with 
upturned nostrils 
(coarse facies) 
*Corneal clouding 
*Hepato- 
splenomegaly 
*Valvular lesions 
*Coronary artery 
lesions 
*Skeletal deformities 
*Joint stiffness 


6-10 years 


*Heparan sulfate —_a-t-iduronidase 
*“Dermatan 
sulfate 


*Heparan sulfate —_a-t-iduronidase 
*Dermatan 
sulfate 


*Heparan sulfate — Iduronate a-sulfatase 
*Dermatan 
sulfate 


Heparan sulfate Heparan N-sulfatase 


a-N-acetyl- 
glucosaminidase 


a-glucosaminide 
transferase, 


Heparan sulfate 


SGSH 


NAGLU 


HGSNAT 


*Onset after 5 years 
*Normal intelligence 
*Stiff joints 
(especially of the 
hands) 
*Near-normal height 
*Corneal clouding 
*Valvular lesions 
*Coronary artery 
lesions 


Normal 


*Onset infancy 
*Mild intellectual 
disability (may be 
normal) 
*Dwarfism 
*Facial and bony 
lesions of Hurler’s 
syndrome 
*Cardiac lesions 
*Mild intellectual 
disability 
to normal 
intelligence 
*Similar to Hurler’s 
syndrome, but not 
corneal clouding 
*Retinal 
degeneration 
*Deafness 
*Nodular skin 
infiltrates 


Wide range of 
severity 


Wide range of 
severity 


Wide range of 
severity 


Third decade 


Second decade 
to normal 
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TABLE 24-5 Mucopolysaccharidoses (MPSs)*?**—cont'd 


Mode of Accumulated Mutation 
Inheritance Product Enzyme Deficiency Clinical Features 
MPS Ill Autosomal- Heparan sulfate N-acetylgluco- GNS Wide range of 
San Filippo D recessive samine-6-sulfatase severity 
MPS IVA Autosomal- _*Keratan sulfate N-Acetylgal-actosamine, GALNS “Normal Third to 
(Morquio's) recessive *Chondroitin 6-sulfate sulfate intelligence decade mth 
(wide range of sulfate *Severe skeletal 
severity) deformities 
*Dwarfism 
*Thoracolumbar 
gibbus } 
MPSIVB f-Galactosidase GLBI “Kyphoscoliosis, | 
(Morquio’s) facies similar to 
Hurler’s syndrome 
"Corneal clouding 
"Valvular and 
coronary artery 
lesions 
“Joint hypermobility 
*Genu valgum 
MPS VI Autosomal- Dermatan sulfate  N-Acetylgalactosamine ARSB “Similar to Hurler’s Second decade 
(Maroteaux— recessive 4-sulfatase (arylsulfatase B) syndrome, 
Lamy) but normal 
intelligence 
“Longer survival 
MPS VII Autosomal- Dermatansulfate  -Glucuronidase GUSB Variable from Variable, 
(Glucuronidase recessive severe intellectual 1-40 years 
deficiency disability with 
disease) dysostosis 
multiplex and 
hepatospleno- 
megaly to a milder 
form; also severe 
neonatal form 
with hydrops 
tatalls |), anak Sh eae 


Source: Modified from Colmenares-Bonilla D, Colin-Gonzalez C, Gonzalez-Segoviano A, Esquivel Garcia E, Vela-Huerta MM, Lopez-Gornez FG. Diagnosis of Mucopalysxcche 
Based on History and Clinical Features; Evidence from the Bajlo Region of Mexico. Cureus, 2018;10(11):e3617, 


Clinical Findings 


Many clinical abnormalities are found within each type of 


MPS (see Table 24-5).**' The findings in Hurler’s syndrome 
are given in the most detail because it is considered the proto- 
type of the MPSs. 

In patients with Hurler’s syndrome (MPS 1), there may be 
a short period of apparently normal development, but this is 
only temporary. These individuals are abnormally short and 
have coarse facial features, with a broad, flat nose, widely 
spaced eyes, and thickened tongue and lips.’ The amount of 
body hair is increased, dark, and especially prominent on the 
forehead. The skin is thickened. Patients have intellectual 
disability, Clouding of the corneas of the eyes is present. 
These individuals may have hearing loss or be completely 


4 : : ar ate N 
deaf. The heart is damaged, owing to the accumulate 


mucopolysaccharides in the valves and blood vesse® a 
is a hump on the back and a prominent pane 
enlarged liver and spleen. The arms and legs are OP 
with contractures of many joints. In addition, the 
very wide and the fingers shortened. E 
In Hunter’s syndrome (MPS II), the change 
although not as severe, Corneal clouding '8 muc 
mon, Patients affected with Sanfilippo’s syndrom ny © 
have a more normal stature but unfortunately aa Cw 
severe neurological problems and decreas x vi 
pared with patients with Hurler’s syndromes oo 
Scheie’s syndrome (MPS | S) have more bee ie 
clouding but less abnormality in stature, facia’ 


ar PT 
ess 
M 


ps! 
y o* 


é ment. Patients with Maroteaux—Lamy syn- 

= Be hove growth and skeletal atacrialilea ‘i 
‘1 disability. In Morquio’s syndrome (MPS IV), 

ye numerous skeletal changes, giving a markedly 
ysical appearance; however, there is no intellec- 


disability." 
"tory Testing and Results 
te enzymatic diagnosis should be established for 
acted cases Of MPS, as clinical diagnosis alone is 
: impossible because of overlapping phenotypes. The 
‘sof MPS can be made by performing simple enzyme 
ing leukocytes, serum, or fibroblasts. The identifi- 
of heterozygotes, however, is still a difficult process 
suse of the overlays of normal and heterozygous levels 
‘ enzyme activity. Molecular studies such as the cloning 
f complementary deoxyribonucleic acids (cDNAs) can 
nplement accurate enzyme assays.** Several specialized 
s used for the diagnosis of MPS are now available 
contrast to findings in the other lysosomal storage 
ses, nonmetabolized products may be detected in the 
of patients with MPS. The toluidine blue spot test 
turbidity test to detect acid mucopolysaccharides 
initial screening test. The spot test may be unreli- 
however, with up to 32% false-negative test results 
datients with Hurler’s syndrome reported. Also, of note, 
positive results may be seen in the urine of normal 
ty newborn infants, a phenomenon that disappears by 
2 weeks of age. Any positive screening test result can be 
‘. a? With mass spectrophotometry or by lysosomal 
MiYMe assays,** 
+ At interesting but somewhat inconsistent finding in the 
— Rood of patients with MPS is the presence of 
4 ules in the cytoplasm of neutrophils, lymphocytes, 
Tig ag tes. These are known as Alder-Reilly bodies (see 
digested on and result from an accumulation of partially 
Phymorphon ey saccharides in the eytoplasm of cells. In 
from nuclear leukocytes, this needs to be distinguished 
MS una e eation, but the large size of the granules in 
8 toly; at perce little doubt. A metachromatic stain, such 
ith m Me, aids in confirmation. These granules are 
le regularity in bone marrow histio- 
S. 
ne a Treatment 
Wi ie varies east al & type. 
~ 8S thy Syndrome may live only one decade, 
tS, ny Mected with Hunter’s syndrome may live into 
lobe erctical aid of enzyme replacement therapy 
lotic aie into practical results. F 
—_ * cell transplantation (HSCT) an 
rapy have been used successfully to 


‘nent treatment in many cases. Research 
bstrate reduction therapy and gene ther- 
forms of MPS. Prenatal diagnosis is still 
8 first trimester diagnosis by chorionic 
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villus sampling, Early amniocentesis for more sensitive lyso- 
Somal enzyme assays, use of DNA analysis for detecting 
mutations, and the possibility of preimplantation diagnosis of 
early embryos after in vitro fertilization. 


Pn taeda ee ee a 
CRITICAL THINKING QUESTION 
24-2 Why do you think leukocytes observed ona peripheral 
smear contain large granules in the various lipid storage 
diseases? 


Histiocytosis 

Histiocytic disorders are a group of diseases that occur when 
there is an overproduction of white blood cells known as 
histiocytes, which can lead to organ damage and tumor for- 
mation. This group of histiocytic disorders is made up of a 
wide variety of conditions that can affect both children and 
adults. In 1987, the Histiocyte Society classified these disor- 
ders into three groups based on the types of histiocyte cells 
involved: 


e Dendritic cell disorders 
e Macrophage cell disorders 
e Malignant cell disorders 


Sea-Blue Histiocyte Syndrome 

Although initially described in isolated case reports of young 
adults with an enlarged spleen, the syndrome of the sea-blue 
histiocyte is a genetic disorder with a benign course. The strik- 
ing blue color of the histiocytes after staining with Wright's 
stain gives the syndrome its name. 

Sea-blue histocytes may be associated with a rare genetic 
syndrome or secondary to another hematologic or lipid- 
associated disease. Most patients receive the diagnosis before 
they reach 40 years of age. An early diagnosis is often an indi- 
cator of a more severe disease. Major findings on physical 
examination are splenomegaly and often hepatomegaly. Also 
described, but occurring less consistently, are abnormalities of 
the eyes, skin, and nervous system. Involvement of the lungs 
may be noted on radiographic examination while involvement 
of the lymph nodes is not seen. 

Significant laboratory findings are usually confined to the 
blood. In the peripheral blood, thrombocytopenia is found 
with great frequency. Consequently, clinical manifestations 
such as epistaxis, gastrointestinal tract bleeding, and purpura 
may be expected. However, there is no correlation of the 
degree of thrombocytopenia with the size of the spleen. Blood 
lipid levels are normal. Abnormal liver function study results 
are only rarely seen, 

The bone marrow aspirate is usually the site of diagno- 
sis. Histiocytes of variable size (20 to 60 um) are present 
in greatly increased numbers that contain the blue-to-green 
staining granules that vary in size, shape, and ability to take up 
the stain. Thus, not all cells will have the same staining inten- 


sity. The color of sea blue histiocytes is attributed to a hich 
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Age at Onset 


Children and young adults, 
especially males, often no 
symptoms until bone fracture 


Eosinophilic granuloma 


Hand-Schiller—Christian disease Usually <5 years old; occasional 
young adult 


TABLE 24-6 Characteristics of Langerhans Cell Histiocytosis 


Multifocal—bones, skin, lym- 


Main Site(s) of Involvement 


Unifocal—skull, rib, femur most 


Rare Spontaneous heali 
common : 


most require SUTGical re 


occasionally, Patients develo 
recurrence later : 


Spontaneous recovery in 
phoid tissue; triad of pituitary, localized forms; Multiple lesion 
eye, and skull involvement is require chemotherapy : 


characteristic but uncommon 


Letterer—-Siwe disease Usually <3 years old 


rate of intramedullary cell death causing increased deposits of 
phospholipids in macrophages.*’ 

Most patients with this syndrome do well and have normal 
life spans. Splenectomy is not always required; many patients 
never have the spleen removed. As previously mentioned, 
manifestations of the disease at an early age may imply more 
severe symptoms. The general characteristics of sea-blue 
histiocytosis include: 


e Autosomal-recessive, benign genetic disorder 
e Striking blue histiocytes with Wright’s stain 
e Splenomegaly and hepatomegaly 

e Thrombocytopenia 


Langerhans Cell Histiocytosis 

Previously referred to as eosinophile granuloma, Hand— 
Schiiller—Christian Disease, and/or Letterer-Siwe Disease, 
these disorders were later given a common diagnosis of 
Histiocytosis X, given the cell of origin was still unknown. 
The advent of the electron microscope enabled scientists to 


SUMMARY CHART 


e Lipid storage diseases range from essentially asymp- 
tomatic to severe and incapacitating, resulting in death. 


e Gaucher’s disease results from a deficiency of the 
enzyme f-glucocerebrosidase, which leads to an accu- 
mulation of unmetabolized substrate glucocerebroside 
in cells, predominantly the monocyte-macrophage sys- 
tem. This accumulation of glucocerebrosides produces 
the distinctive Gaucher’s cells. 


e Gaucher’s disease has three clinically recognizable types: 
the adult or nonneuronopathic form (type 1); the infantile, 
acute, or malignant neuronopathic form (type II); and the 
juvenile or subacute neuronopathic form (type III). 


e Type I (chronic nonneuronopathic) adult Gaucher’s 


disease is the most common type of Gaucher’s disease. 
It occurs frequently as an inherited disorder in the 


Chemotherapy has improved 
Prognosis, which was previous, 
considered poor d 


Generalized—skin, lymphoid 

tissue, bones, +/— bone marrow; 
more severe and extensive than 
Hand-Schiiller-Christian disease 


reclassify the cells as epidermal Langerhans cells.* Lane. 
hans’ cells are large but inconspicuous cells in the skin whose 
function is to process and present antigen to other cells inte 
area, including lymphocytes. These cells, as well as hisie 
cytes, are normally found in small numbers in the ski ai 
reticuloendothelial system. Epidermal Langerhans cels a 
histiocytosis exhibit aberrant function and differentiation wa 
abnormal proliferation resulting in granulomatous less 
Langerhans cell histiocytosis is a clonal disorder wie 
more than 50% of the malignant cells exhibit BRAF-Vém 
mutations.3*4? Characteristics of these disorders are inclu! 
in Table 24-6. Most patients with these disorders are ei 
children or young adults. The lesions observed with 
disorders are composed of inflammatory cells and epider? 
Langerhans histiocytes often infiltrating bone, skin, hes 
and pituitary and thus can present as single or multifocs! 8 
lesions, may involve single system or multisystems, a 
encompass the central nervous system.° Outcomes °° 
contingent on the extent of the disease. 


Ashkenazi Jewish population. Clinical features = 
anemia, thrombocytopenia massively enlarg 
and spleen, and extensive skeletal disease. a 
e Type II (acute or malignant neuronopathic) ac 
Gaucher’s disease occurs in infancy. Patients é 
survive past the age of 2 years. It is found in gu 


groups, although it is uncommon in the iv oi me 
tion, The clinical presentation of type Ul os vert 
more uniform than that of type | and !s vey # nos 
Features include difficulty swallowing, opis 
and other manifestations of brainstem inv? ve 
which are noted in early infancy. ch ayo’ 
¢ Type ILI (subacute neuronopathic) juvenile jo 
disease may be present from eat!) Coe oe te 
teenage years. Two distinct subtypes of tyPe 


eit 


< MARY CHART—cont'd 

ibed. Type Ila usually presents clinically 
ven early childhood and midadult life. Type IIIb is 
‘inically aggressive systemic disease, with neurolog- 


wl involvement characterized by isolated horizontal 
ara clear gaze palsy. 

ycher’s disease is the first lysosomal storage 

onder for Which enzyme replacement therapy is 

a ilable. 

ann-Pick disease is caused by a deficiency of the 

»yme sphingomyelinase, with a secondary accumu- 

sion of the unmetabolized lipid sphingomyelin as 

yell as cholesterol. Type A is also known as infantile 

or classic Niemann-Pick disease. Type B is also called 

he chronic or adult form. Type C has been described 

ntwo forms: infantile and juvenile. 


CASE STUDY 24-1 


old man visited his physician complaining of 

forearms and fatigue. Physical examination 
n enlarged spleen and multiple bruises down the 
forearms. His physician ordered the following lab- 


3.1 x 10"/L 
4.9 < 10°7L 
11.0 g/dL 

2 fl 

90 « 10"/L 


04% 


———C—CéD ifferenntia! 

Segmented Neutrophils 52 

Unstocnes 41% 
44 


$4 


A 

i a ITOw aspiration was performed at the left pos- 
Wee Fi Crest and revealed a histiocytic-appearng cell 
B 24-2). These cells stained positive with PAS. 
Qu 


bi 
lack B, and Prussian blue. 
1 Tons 


a 


; ‘disease history is representative of what lipid storage 
2 What = 
iagnosisn testing must be done to confirm the 
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& Tay-Sachs disease, also known as GM, gangliosidosis, 
is an autosomal-recessive sphingolipidosis that occurs 
as a result of deficiency of the enzyme hexosaminidase 
A, with an increase in hexosaminidase B. 


° Mucopolysaccharidoses are rare disorders that con- 
stitute a group of lysosomal storage diseases caused 
by a deficiency in one of the enzymes involved in the 
breakdown of mucopolysaccharides. 


© Sea-blue histiocyte syndrome is a genetic disorder with 
a benign course. The striking blue color of the histio- 
cytes with Wright's stain gives the syndrome its name. 


e Histiocytic disorders represent an abnormal prolif- 
eration and accumulation of mature histiocytes, or 
Langerhans’ cells. 


3, Is “effective erythropoiesis” apparent in this case? Why 
or why not? 

4, Classify the anemia according to the red blood cell 
(RBC) indices. 

5, What treatment is available to this patient? 


ANSWERS 
1. The pain in the patient’s forearm likely is indicative 


of skeletal complications seen in Gaucher’s disease. 
The diagnosis is confirmed by the presence of an 
enlarged spleen, petechiae due to thrombocytopenia, 
the presence of anemia, which causes fatigue, and 
Gaucher’s cells in the bone marrow, as indicated by 
the cells positive for PAS, Sudan black B, and Prussian 
blue. Additionally, the diagnosis is being made later 

in life for this individual and there is no neurological 
involvement with the disease, further indicating Type I 


Gaucher’s disease. 
2, This patient requires testing for B-glucocerebrosidase 


deficiency. 

. The RBC count is low, as well as the Hgb; however; the 
MCV and MCHC indicate that the anemia is normocytic/ 
normochromic. This is indicative of uncompensated 
anemia, which is common in Gaucher’s disease. Also 
indicative is the lack of nRBCs in the peripheral smear. 

4. Normocytic, normochromic anemia. 

_ The use of enzyme replacement therapy is an approved 
and safe treatment for this disorder. 


—— 
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| 1. Gaucher’s and Ta: 


REVIEW QUESTIONS 


PART3 White Blood Cell Disorders 


y—Sach’s disease are associated with 


which ethnic group? 

a. African Americans 

b. Ashkenazi Jews 

c. Pacific Islanders 

d. Alaska Natives 

What is the enzyme deficiency seen in Gaucher's disease? 
a. Sphingomyelinase 

b. Hexosaminidase A 

c. B-Glucocerebrosidase 

d. B-Galactosidase 


Which description best characterizes type I Gaucher’s 


disease? 

a. Found in any ethnic group; multiple neurological 
signs, including difficulty in swallowing and 
manifestations involving brainstem; enlargement 
of liver and spleen 

b. Found primarily in Ashkenazi Jews; enlargement of 
liver and spleen; anemia thrombocytopenia 

c. Found in northern Sweden; neurological disorders, 
bone disorders, skin pigment changes 

d. Found in Mediterranean populations; hypermeta- 
bolic manifestations; fever, lethargy, poor muscula- 
ture, bone deformities 


Which of the following is true about Type I Gaucher’s 

disease? 

a. Average age onset is between 20 to 30 years old. 

b. 75% to 90% of patients experience decreases in 
bone stability. 

c. There is hallmark neurological involvement. 

d. The disease includes ocular motor disorder. 


What are the characteristics of Gaucher’s cells? 

a. Atypical lymphocytes with foamy cytoplasm 

b. Hypersegmented neutrophils with Auer’s rods 

c. Large, multilobed monocytes with prominent red 
granules 

d. Histiocytes with cytoplasm resembling “crumpled 
tissue paper” 


. What is the enzyme deficiency seen in Niemann-Pick 


disease? 

a. Sphingomyelinase 

b. Hexosaminidase A 

c. B-Glucocerebrosidase 
d. B-Galactosidase 


. What are the characteristics of Niemann—Pick cells? 


a phases lymphocytes with large vacuoles 

. Cytoplasm filled with lipid droplets, i spi ; 
cies plets, inconspicuous 
c. Vacuolated histiocytes or foam cells 

d. Lymphocytes with Alder-Reilly bodies 


8. 


10. 


11. 


12. 


13. 


Which statement is true concerning lymphocytes a 

monocytes in the peripheral smear with Niemanp- 

Pick disease? 

a. Lymphocytes and monocytes are observed jn 
decreased concentrations. 

b. Lymphocytes and monocytes contain vacuoles 

c. Lymphocytes and monocytes appear activated. 

d. There are vast increases in lymphocyte and 
monocyte numbers. 

What is the enzyme deficiency seen in Tay-Sachs 

disease? 

a. Sphingomyelinase 

b. Hexosaminidase A 

Cs B-Glucocerebrosidase 

d. B-Galactosidase 


What are the clinical features of Tay-Sachs disease? 
a. Waxy, jaundiced skin; restricted physical and mental 
development; cherry-red spot in macula of eye 

b. Startle reflex; blindness; macrocephaly; no 
enlargement of liver, spleen, or lymph nodes 

c. Abnormal facial features; deafness; increased 
body hair, intellectual disability; heart damage; 
structural deformities 

d. Splenomegaly; hepatomegaly; eye, skin, nervous 
system, and lung abnormalities 


Why does Tay Sacs have a higher effect on the 

central nervous system than other lipid storage 

disorders? 

a. The mutation for Tay Sacs is isolated to express 
in the brain. 

b. Gangliosides are more numerous in the brain thas 
glucocerebrosides 

c. Lipids have little effect on the CNS and the brala 

d. Glucocerebrosides have a larger effect on the bras 
than gangliosides 


Which cell is found in ‘Tay-Sachs disease, but is 
considered diagnostic? 


a. Atypical lymphocytes with large vacuoles 


3 . epicuoe 
b. Cytoplasm filled with lipid droplets; inconspi™ 
nucleus 
c. Vacuolated histiocytes or foam cells 


d. Lymphocytes with Aider-Reilly bodies 


Which of the following describes a clinical feature 

MPS? 

a. Abnormally tall individuals 

b, Closely spaced eyes 

c. Increased, dark body 
forehead 

d. Thin skin 


hair, especially 0” the 


g 


—cont’d 


ich cell 
a. 


ules 
p. Neutrop 


is commonly found in MPS disorders? 
4, Large, foamy histiocytes with blue or green gran- Gaucher’s disease? 


ils with toxic granulation 
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17. Which of the following must be present to diagnose 


a. Bone marrow examination with identification 
of Gaucher’s cells 


¢, Neutrophils ean e b. Assay to detect the deficiency of 
4, Leukocytes wi a pADecies B-glucocerebrosidase in leukocytes 
jysaccharides can be detected by which test c. Radiological findings of bone pathology 
15. See iow? d. Gene sequencing to detect the genetic abnormality 


a. Serum osmolality 
pb. Toludine blue spot test 
c. LAP score 

_ d. PAS test 


See answers at the back of this book. 


16. Diagnosis of sea-blue histiocyte syndrome requires 


which of the following analyses? 


a. Liver lipid panel revealing increased lipids 
b. Serum lipid panel revealing increased lipids 
c. Peripheral smear revealing thrombocytopenia 
d. Bone marrow analysis revealing histiocytes with 


blue-to-green granules 
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yEMOSTASIS AND INTRODUCTION TO THROMBOSIS 


CHAPTER 25 
Hemostasis 
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CHAPTER OUTLINE 


" Platelets and the Hemostatic Blood Coagulation: The “Cascade” Thrombin-Mediated Anticoagulant 


Mechanisms Theory Activity 
_ Stages of Hemostasis Extrinsic Pathway (Factor VII) Thrombin-Mediated Tissue Repair 
_ Vascular System Inte Sao, (Factors XIl, XI, IX, Fibrin-Lysing (Fibrinolytic) System 
Hemostasis ap nar 
Beet Structure Common Pathway (Factors X, V, II, and |) SEIS BET 
Platelet Function and Platelet Plug Thrombin-Mediated Reactions in Complement System 
Formation Hemostasis Laboratory Evaluation of Hemostasis 
1 ary Hemostasis: Fibrin-Forming Thrombin-Mediated Platelet Summary Chart 
. Satin) System Aggregation Case Study 25-1 
 Chssification of Coagulation Factors by Thrombin Formation: Role of Extrinsic Review Questions 
Hemostatic Function Pathway References 
Thrombin Formation: Role of Common 


” Cassification of Coagulation Factors by 


Physical Properties Pathway 


pomerrEr 


LEARNING OBJECTIVES 


@end of this chapter, the learner should be able to: Identify the organ responsible for producing 


: coagulation factors. 
List the major and minor systems involved in 9 


Maintaining hemostasis. 

Compare the end products of primary and 
secondary hemostasis 

Describe platelets in terms of morphology, normal 
concentration, and their role in hemostasis. 

Assess the three structure! zones ofa platelet and 
Correlate each with its role in adhesion, aggregation, 


25-8 Categorize coagulation factors into either the 
contact protein group, prothrombin group, or 
fibrinogen group. 

25-9 Describe the initiator and end products of the 
intrinsic, extrinsic, and common pathways. 


25-10 Identify the important roles of thrombin. 
25-11 Analyze the major components in the fibrinolytic 


4 and secretion, system. 
se * i nts involved in the ki 

Evaluate the steps platelets take in the formation of 25-12 List the components involved in the kinin system. 
25 the platelet plug, 25-13 Correlate PT and APTT with their appropriate 
hemostatic pathways. 


ere bleeding issues seen in deficiencies and 
" UNction of secondary hemostasis with those seen 25-14 
Primary hemostasis 


Describe the value of the thrombin time analysis, 


&MOstas;. « . Brae 

ah [sis is the complex process by which the body The focus of this chapter is to provide a comprehensive 
Aig Slate neously Stops bleeding and maintains blood in the review of present-day knowledge of the biochemistry, fune- 
ofthe Within the vascular compartment The major role tion, interaction, and regulation of each of the major compo- 


e : ; Q S 
the bog NOStatic syste nents of hemostasis. Subsequent chapters further define the 


8 tend m is to maintain a complete balance of 
eNey to 


Mr : : 5 snetic and molecular mechanism, laboratory diagno . 
ward clotting and bleeding (Fig. 25-1). genetic ae gnosis, and 
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Hemostasis 
FIGURE 25-1 Hemostasis: A system in balance. 


current treatment of the various thrombotic and hemorrhagic 
disorders of hemostasis. 


Platelets and the Hemostatic Mechanisms 


Normal hemostasis is both rapid and localized. Hemostasis is 
achieved by the highly integrated and regulated interaction of 
the following major systems: 


Vascular system 

Platelets 

Coagulation system 
Fibrinolytic system 
Serine protease inhibitors 


Through a complex series of molecular interactions involv- 
ing cells and biochemicals, a balance between procoagulant 
and fibrinolytic activity is achieved. A fine line separates clot 
formation in circulating blood from bleeding. It has long been 
recognized that an imbalance, either acquired or inherited, in 
any one of the coagulation factors can contribute to hemor- 
thage or thrombosis. Significant changes in blood flow have 
a profound effect on cellular function, particularly endothelial 
cell function. Mechanical or pathological disruption of intact 
endothelium within the vessel wall initiates localized hemo- 
static and thrombotic responses. If the vascular injury exceeds 
the capacity of the platelets mediated by thrombin to form a 
hemostatic platelet plug, then the clinical signs and symptoms 
of hemorrhage occur. Stagnation of blood flow from arterial 
disease or mechanical impedance disturbs the endothelial cell 
anticoagulant effect, thus leading to the formation of a throm- 
bus (clot) and hypercoagulable states.’ 


Stages of Hemostasis 

Hemostasis can be divided into two stages: primary and sec- 
ondary. Primary hemostasis refers to the vascular injury 
response that produces a platelet plug at the site of damage. 
Primary hemostasis serves to limit bleeding immediately 
through the formation of a loose platelet plug by adhering to 
the endothelial wall at the site of injury. Platelets then release 
potent coagulant compounds that enhances their aggregation, 
forming a more substantial plug. These platelets then provide 


ee 


a phospholipid surface for activated coagulatio 

plexes.’ The interaction of platelets and (sent nz 

is the first step in a series of reactions that (ay, lay 
formation and serve to halt bleeding after Teak be 3 
However, the primary response alone is aticg Myurys 
duration of time. ¥¢ for ay 

Secondary hemostasis involves the enzymatic act 

‘ : ; Vat 

of the coagulation proteins to produce fibrin from fibr; a 
Soluble fibrin monomers polymerize and are then Cross 
into insoluble strands that serve to stabilize the | 
let plug formed in primary hemostasis. Defects in S€COnden 
hemostasis decrease fibrin production and reduce the sail 
of the formed clot.?4 The cascade of coagulation readout 
a result of complexes that form among enzymes, sis 
phospholipid surfaces, and cofactors. 

The stable clot is managed and gradually dissolved throu 
a process known as fibrinolysis. Fibrinolysis involves i: 
proteolytic digestion of fibrinogen and fibrin by the enzyme 
plasmin. Through the release of platelet-derived growth fact 
(PDGF), vascular healing and repair is promoted, completing 
the process of hemostasis.” 

In general, the relative importance of the hemostatic me 
anisms varies with the vessel size; the larger the vessel, te 
more hemostatic system involvement is required to seal te 
breach (Table 25-1). Basically, the larger the area of bleeding 
the larger the vessel involved. Ecchymoses, epistaxis, ps 
chiae, gastrointestinal, and genitourinary bleeding represt 
mucocutaneous hemorrhage highly suggestive of qualitate 
or quantitative platelet disorders.* Common sources and Nps 
of bleeding are listed in Table 25-2. 


OSE platy. 


Vascular System 

The blood vessel, with its smooth and continuous end 
lining and fibrous coat, is designed to facilitate blood boot 
well as participate in the process of hemostasis. The stu 
of the vessel wall, which includes the outermost layer (wo 


TABLE 25-1 Vessels aneh@eneral Breach-Sealing 
.F 


Requirements eee 


General Breach-Sealing 
Requirements* 


Generally direct sealing 


Relative Sizes 


Capillary Smallest 


Venule Mostly fused platelets 


: S 
Aen Mostly fused platelet 
si Vascular contrac 
platelets, perivascl 2 
intravascular hemos! 


activation 


tio" 
Great vascular oer 
more fused platen ye 
perivascular and in < oa 
hemostatic factor 


Artery Largest 


“In general, the larger the vessel, the more hemos 


to seal the breach. 


ommon Sources and Types of Bleeding 


wa Af , arteriole, venule 


Pinpoint petechial hemorrhage 
(diapedesis or leakage of blood 
out of small vessels) 
Ecchymosis (large, ill-defined 
soft tissue bleeding) 

Rapidly expanding “blowout” 
hemorrhage 


adventitia), the middle layer (tunica media), and the inner 
layer (tunica intima), is outlined in Table 25-3. 

Maintaining the integrity of the vessel wall is a function of 
the endothelial cells, the connective tissue of the subendothe- 
lium, and platelets. A primary feature of normal intact endo- 
thelium is that it is nonthrombogenic, that is, it is resistant 
toplatelets, leukocytes, and coagulation proteins. Platelet and 
endothelial cell interaction is modulated by the prostaglandin 
PGL, (prostacyclin).® PGI, is synthesized by endothelial cells 

arachidonic acid (a membrane phospholipid) and has an 
“lagonistic effect on platelet adhesion and platelet aggre- 
Sation, thus Serving to locally limit the hemostatic response. 
Release of t-PA by the damaged endothelial cell provides the 
for clot dissolution, necessary to reestablish vas- 
Patency.* Tissue factor pathway inhibitors (TFPIs) con- 
activation ofa portion of secondary hemostasis and inhibit 
a. on factors VII/TF and Xa. Heparan sulfate (endoge- 
un of the pharmaceutical drug heparin) enhances the 
Th ce patithrombin, which works to inhibit thrombin. 
Proicin Bee Serves as a cofactor in the activation of 
~* Which works to inhibit thrombin by inactivating 
00 factors V and VIII. 
stem a Vessel wall integrity is disrupted, the vascular 
Eadothetiat Prevent bleeding and promote coagulation. 
i ‘stuption, such as a cut in the blood vessel, pro- 


Nides pj 


(Wry ed Sites for collagen and von Willebrand factor 
Inds to collagen, a structural protein, and sup- 
adhesion, VWF can bind to platelets through 
tein (GP) Ib/Ix/v complex and fibrinogen, as 


Plate] 
the et 
Yeopro 


—_ Connective tissue cell support 


a Elastic tissue and smooth muscle, controlling 
mica in tg constriction and sometimes vasodilation 


Broad flat endothelial cells with an underly- 
'Ng basement membrane supported by a few 
Connective tissue cells, providing a smooth 
Surface but facilitating migration of cells 
through the spaces as needed 
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well as fibronectin through integrin.’ These “sticky” proteins 
are thought to participate in the formation of a bridge from 
platelets to subendothelial connective tissue. Figure 25-2 
shows a scanning electron micrograph (SEM) demonstrating 
platelet adherence at the site of endothelial loss compared 
with the normal smooth contour of the endothelial cell. 
Platelets are incorporated into the vessel wall, releasing a 
substance called platelet-derived growth factor (PDGF) that 
nurtures the endothelial cells, maintaining normal vascular 
integrity and thromboresistant properties. 

In addition, platelet secretion of a prostaglandin, throm- 
boxane A, (TXA,), and serotonin further promotes vasocon- 
striction. Endothelial release of tissue factor (formerly known 
as tissue thromboplastin) during vascular injury represents 
one of the body’s major procoagulant abilities.*” The vascular 
response involved in the hemostatic mechanisms usually lasts 
less than 1 minute. The major substances contained within the 
endothelium, subendothelium, or both that play primary roles 
in hemostasis are listed in Table 254. 


FIGURE 25-2 SEM of platelet adherence at the site of endothelial loss. 
Short arrow points to a discoid intact platelet with a single Pseudopod; 
long arrow points to an elongated adherent platelet; top double arrow 
marks densely adherent platelets appearing as elongated humps fused 
tothe subendothelial layer. (From Cotran, E. Robbins Pathological Basis 
of Disease. Ist ed. Philadelphia: WB Saunders; 1979, p. 120, with 


permission.) 
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TABLE 25-4 Major Substances Present in the Endothelium and/or Subendothelium and Their Functions in 
Hemostasis 


Role Function(s) in Hemostasis 


Substance(s) 


Prostacyclin (PGI) Anticoagulant Synthesized by endothelial cells and physiologically inhibits Plateler | 
and limits thrombus formation beyond the damaged vesse| 2999p, 

Tissue plasminogen activator (t-PA) Serine protease secreted by endothelial cells that regulates fibrinolysis. 
bound to fibrin, t-PA activates plasminogen to form plasmin ie 

Tissue factor pathway inhibitors (TFPIs) Glycoproteins found on endothelial surfaces that serve as an anticoa ula 
inhibiting factors Vila/TF and Xa ant by 

Heparan sulfate A glycosaminoglycan that has anticoagulant activity and contributes to the 
activation of antithrombin 

Thrombomodulin and protein C receptor Found on endothelial surfaces and work as a cofactor in protein C activation 
when bound to thrombin 

Injured endothelial lining Coagulant Promotes vasoconstriction 

Collagen Binds vWF and platelets 

von Willebrand factor (vWF) Protein synthesized by endothelial cells and megakaryocytes; primarily binds 


to platelet membrane receptor GP Ib/IX/V and collagen to promote adhesion, 
also functions as a carrier for factor Vill, providing factor stability in circulation: 
may also bind to platelet GP IIb/Illa in conditions of high shear stress to promote 
adhesion 


Tissue factor (TF) A lipoprotein released after vascular trauma that initiates coagulation by act 
vating factor VII with ionized calcium (extrinsic pathway) and contributes toe 
activation of factors X and IX (intrinsic pathway) 


Plasminogen activator inhibitors (PAls) Proteins found in endothelial cells that regulate fibrinolysis by neutralizing the 
activity of plasmin, plasminogen, and t-PA; associated with risk of thromboss 


ADVANCED CONTENT 


In the absence of platelets, a large number of red blood 
cells migrate through the vessel wall, enter the lymphatic 
drainage, and appear as petechiae or purpura in the skin or 
mucous membranes. The process of maintenance of normal 
vascular integrity, involving nourishment of the endothe- 
lium by the platelet or actual incorporation of platelets into 
the vessel wall, utilizes a small minority of the platelets in 
circulation but is nevertheless an important function. 


Primary Hemostasis — 
FIGURE 25-3 Normal platelets: Wright-stained blood sme 


Platelet Structure blood), 
Platelets are anucleated cytoplasmic fragments measuring 

2 to 4 um in diameter that originate from bone marrow mega- 
karyocytes. On Wright’s stain, platelets appear as pale blue The normal platelet count ranges f ‘08d 
cells with fine azurophilic granules (Fig. 25-3). During mega- _ per microliter (L.), depending on the method ‘eau 
karyocytopoiesis, the interval from megakaryoblast to pro- = Normal platelet function in vivo and in vitro ol 
duction of platelets is approximately 1 week. In the peripheral — than 100,000 platelets per microliter.” B 000 yl? yi 
blood, about 70% of the platelets are circulating, whereas _ patient with a platelet count greater than so may od 
30% are sequestered in the microvasculature of the spleen and major hemorrhage. Spontaneous hemorrhag® suit F 
serve as functional reserves after their release from the bone _ platelet count falls to 10,000 oF lower." AS 50,00" 
marrow. Platelets survive for 7 to 10 days in circulation and platelet function, a platelet count greater | ane 


are active in hemostasis. minimize the chance of hemorrhage d 


uring » 


a 


0 4 F 


, 50,000" 
rom I espe 
4 we 


be adequate in both number and function 
nally in hemostasis. Platelets participate in 


a negatively charged phospholipid surface 
ibstances that mediate vasoconstriction, 

sregation, coagulation (thrombin generation), 

lar repair 

ace membrane glycoproteins (GP) such as 

P Illa to attach to other platelets via fibrino- 

Ib/IX/V to bind to collagen and subendothe- 


12 


. understanding of the platelet’s ultrastructure and 
crucial to understanding how the platelet per- 
f its vital functions (Fig. 25-4), Each of these 
unctions can be assessed by clinical testing; how- 
inctions are required during the formation of the 
elet plug, known as primary hemostasis. 

et structure is quite distinct, leading to subdivi- 
defined zones, each possessing unique func- 
lities. These zones are prominently delineated by 
band of microtubules found in the platelet, 
25-5. The three described zones and their 


brane, cytoskeleton, granular constituents, 
‘ins often leads to platelet dysfunction and 


is a complex region of the platelet con- 
(an amorphous exterior coat), platelet 


ocs 


—f-- ors 


Microtubules 

Other granules 

Dense bodies 

Dense tubular system 

Mitochondria 

Glycogen lakes (particles) 

Lysosomes 

Open canalicular system 

Microfilaments 

Exterior coat (glycocalyx) 

id Golgi apparatus 

Plate Om) tranlets (top) summary diagram of the platelet 
lets ily Mission electron micrograph (TEM) of cross- 

ating basic ultrastructure. 
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FIGURE 25-5 Internal anatomy of a stimulated platelet. Circumferen- 

tial band of microtubules (MT) leads to reorganization of the internal 
structure of the platelet into three zones. The peripheral zone (PZ) is 

the region external to a circumferential band of microtubules (MT). The 
intermediate zone (IZ) (encircling arrows) includes the microtubules and 
the closely adjacent cytoplasmic material. The central zone (CZ) is internal 
to the microtubule band and contains many organelles such as gran- 

ules (G), dense bodies (DB), dense tubular system (DTS), lysosomes (Ly), 
mitochondria (M), and many profiles of the open canalicular system (OCS). 
Magnification x49,700. (From Barnhart, MI. Platelet responses in health 
and disease. Mol Cell Biochem. 1978;22:115, with permission.) 


membrane, numerous deeply penetrating surface-connecting 
channels known as the open canalicular system (OCS), and a sub- 
membranous area of specialized microfilaments (see F ig. 25-4). 

A number of glycoproteins anchored in the platelet mem- 
brane are present in the glycocalyx and mediate the Critical 
events of platelet adhesion and aggregation. Specific binding 
of platelet membrane receptors to adhesive macromolecules 
such as fibronectin and vitronectin in plasma or collagen in 
vascular subendothelium further facilitates the spreading of 
platelets on the damaged vessel wall and leads to platelet acti- 
vation and the formation of large platelet aggregates,” Plate. 
let membrane glycoproteins serve as receptors and facilitate 
transduction of activation signals across the platelet mem- 
brane in response to various external stimuli. 

The membranous surface-connecting system refe 
the open canalicular system (OCS) consists of tubular invagi- 
nations of the plasma membrane that articulate throughout ¢} 
platelet even though it is part of the peripheral zone. Cheat 


Tred to as 
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7 Platelet Ultrastructural Zones 


substances stored in the dense and alpha (a) granules of the 
platelet are released to the exterior through the OCS. The OCS 
also facilitates the collection of plasma procoagulants that aid 
in fibrin formation by providing increased surface absorp- 
tive area. This membrane system appears to be the calcium- 
regulating mechanism of the platelet. 


ADVANCED CONTENT 


| The platelet membrane, similar to other plasma mem- 
branes, contains a phospholipid component. Activated 
platelets undergo shape change, develop stickiness, and 
_ expose platelet membrane phospholipids. Platelet factor 3 
(PF3) is known to move to the outer surface of the platelet 
_ membrane, thus allowing for the assembly of the vitamin 
_ K-dependent coagulation factors involved in secondary 
is."? PF3 serves as a cofactor in the complex. Coag- 
ulation factors V and VIII are also present on the surface of 
‘the platelet membrane, as are various platelet factors (PFs) 
that participate in the formation of fibrin. At least seven PFs 
nave been identified (Box 25-2). 


_ hemosta: 


Platelet Factors (PF) 1to7 


’ 


Sol-Gel Zone 

The term cytoskeleton is often used to 

Within the matrix of the platelet ae microm” a 
ments, and submembranous filaments. 1 cg 


Microtubules encase the entire platelet, 
coid shape. Microtubules are composed of gsntt®& 
called tubulin. In the stimulated platelet (see Fig ni, 
traction of the circumferential band of mic, hi, 
the center of the Platelet appears to be responsibie ¢ omy 
movement of organelles toward the center and i. * 
zation, which facilitates the secretory process? 

Microfilaments are randomly interwoven thes 
cytoplasm of the platelet and are composed of two com & 
proteins, actin and myosin. Also present is oe 
a contractile protein similar to actomyosin? Actor 
complexed actin and myosin. Microfilaments cay oy. 
from an unorganized gelatinous state to organized party 
aments capable of contraction within seconds 25 the plas: 
shape changes. 


ADVANCED CONTENT 


Microtubules disappear from the center of the placi« # 
secretion and reappear in other peripheral areas sxé x 
pseudopods. Microtubules appear to monitor the inex 
contraction of platelets, preventing platelet secre » 
response to only minimal stimulation and thereby reais 
ing the degree of platelet response to external stimuli 


Organelle Zone 

The organelle region is responsible for the metabolic = 
ities of the platelet. Like many other cells, platelets poss 
mitochondria and various cytoplasmic granules. Uniike == 
cells, platelets are anucleated and do not possess eithers Gee 
body or rough endoplasmic reticulum. 

Generally, the most numerous organelles are the pa 
granules, which are heterogeneous in size, electos 3? 
and chemical content. Platelets contain three morpholoe> 
distinct types of storage granules: dense granules, p= 
granules, and lysosomes 

The « granules are most sumerous (20 to 200 pa ee 
and store several different substances. The consent of p= 


granules and their major fictions in hemostasis ae B* 
Table 25—5.* : 
Dense granules, or bodes, are smaller and cca 
ber (2 to 10 per platelet) and appear as dense 
ules in transmission electr< croscope (TEM) PrP 
Dense granules store ADP, ATP. ionic calcium, aad os 
Lysosomes appear similar to the azurophlx — 


found in granulocytes and contal 
neutral proteases, and acid ! 
ute to disruption of the sube 
injury. Glycogen granules 
zone and function in platelet metabolism ot 
The contents of both « and dense granules af ecm 
secretion into the OCS. Secretion promotes the 


— 


jothelial stroctare 385 
re also found within 8° % 


« Chemical Contents of Platelet Granules 


, ; ir Major Functions in Hemostasis 
nd Thett Ss 


— ap Granules: Platelet-Specific Proteins 


Inhibits heparin; chemotactic; 
promotes smooth muscle 
growth for vessel repair 


“thrombogiobulin (B-TG) 


Inhibits heparin 


jerived growth factor Promotes smooth muscle 
growth; involved in 
atherosclerosis and lipid 
metabolism 


Promotes platelet-to-platelet 
interaction; mediates cell-to- 
cell interaction 


Once activated complexes with 
Xa to convert prothrombin to 


thrombin 
_ Alpha Granules: Plasma Proteins 
Fibrin formation 


\d factor (VWF) Promotes platelet adhesion 


Cofactor in fibrin formation 


Cofactor in fibrin formation 


Cellular adhesion molecule; 
promotes platelet spreading 


Uncertain 


Activation of the intrinsic 
pathway via contact 


Inhibits plasmin 


Precursor to plasmin; functions 
in fibrinolysis 


Dense Granules 
Promotes platelet aggregation — 


Uncertain 


Primary and secondary 
messenger regulates platelet 
activation/aggregation 


Promotes vasoconstriction 


to the platelet aggregate at the site of vascu- 
Secretion is an energy-dependent reaction that 
‘abolic function of mitochondria. The estimated 
0ndria present per platelet require glycogen 
of nergy for metabolism.'' In the resting 
(Cnergy) Production is generated by glycolysis 
Dro = 3 cycle. In the activated state, about half 
y. “Hon in platelets occurs through the glycolytic 
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The dense tubular system (DTS) is another important 
Structure present in the cytoplasm of the organelle zone of 
platelets. Similar to the sarcotubules in skeletal muscle, the 
DTS is derived from the smooth endoplasmic reticulum (ER) 
of immature megakaryocytes. The DTS is the site of prosta- 
glandin and thromboxane synthesis and sequestration of cal- 
cium. It is primarily the release of calcium from the DTS that 
triggers platelet contraction and subsequent internal activation 
of platelets. 


ADVANCED CONTENT 


Platelet-derived growth factor (PDGF) is a mitogen stored 
in and secreted from the a granule of the platelet. Specific 
receptors for PDGF have been isolated on cultured fibro- 
blasts and smooth muscle cells.'? When vessel injury occurs 
and platelets are activated, PDGF is secreted, stimulating 
endothelial cell migration and proliferation of smooth mus- 
cle growth, thereby mediating wound healing and vascular 
repair. PDGF is an important growth factor and is thought 
to be linked to the pathological development of atheroscle- 
Tosis through its influence on lipid metabolism. PDGF also 
demonstrates chemotactic properties for neutrophils and 
monocytes, as well as fibroblasts and smooth muscle cells. 
The characteristics of PDGF help to limit the hemostatic 
response; thus, the platelet plug remains local to the site of 
vascular injury. 


Platelet Function and Platelet Plug Formation 
Numerous stimuli can trigger platelet activation, which may 
be transient, reversible, or irreversible. Activation refers to 
several separate responses of platelet function that include 
adhesion, shape change, secretion, and aggregation. Platelets 
respond in a graded fashion, depending on the Strength and 
duration of the stimuli as well as the physiological or patho- 
logical state of the platelet. 

In the initial stage of activation, platelets form pseudopods 
as they begin to contract. As activation progresses, contrac- 
tion and pseudopod formation progress, organelles including 
the a granules and dense bodies are reorganized to the center 
of the platelet, and further contraction causes the granules to 
spill their contents into the OCS, which shunts the contents to 
the outside of the platelet.’ Adjacent platelets are activated 
through receptor contact with the granular contents, amplify- 
ing the activation process. Therefore, it may be said that plate- 
let activation spans shape change, platelet adhesion, granular 
secretion, cytoskeletal reassembly, and platelet aggregation. 

Before proceeding further, the reader should review the 
structure of the platelet to visualize and understand subse- 
quent events that occur in the platelet at the ultrastructural 
level during hemostasis (see Fig, 25~4). The events that occur 
in primary hemostasis after injury to a vessel are outlined in 
Table 25-6. 

Adhesion and aggregation of platelets to the site of vas- 
cular damage occur in concert with cellular activation These 
cellular events are mediated through specific receptors on the 
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ABLE 25-6 Events that Occur in Platelets After Vessel 
Injury 


Regulates blood flow in damaged 
vessel; increases concentration of 
biochemicals to promote platelet 
activation events 


Signals intracellular activation, 
leading to platelet plug formation 


Platelet shape change 


Platelet aggregation A platelet-to-platelet interaction 
mediated by fibrinogen, Ca**, 
and platelet membrane activated 


glycoprotein IIb/Illa complex 


Platelet plug Adhesion and aggregation of 


platelets to the site of injury 


Platelet secretion Release of chemical constituents 
contained in various granules; 


amplifies platelet response 


"Stabilization Platelet plug stabilized by formation 
of fibrin mesh over the platelet 


aggregates 


- platelet membrane. The membrane is the key to the interac- 
tion of extracellular agonists with intracellular biochemicals. 
A series of complex intracellular events occur that lead to 
her biochemical and morphological change of the plate- 
© culmination of these processes permits the platelet to 
‘its vital role in hemostasis, assuming there is normal 
imber and function. 


to the endothelial monolayer exposes flowing blood 
idothelial connective tissue matrix, which is com- 
ive molecules (i.c., collagen, vWF, fibronec- 


adhesive molecules in plasma or vascular 
| mediates adhesion. Adhesion is a reversible 
a mechanism of adhesion involves three 


rotein that links the platelet to subendo- 


ine receptor complex, GP Ib/IX/V 


ets to collagen and vWF facilitates 
the subendothelial surface, which pro- 

‘granules’ contents, leading to platelet 
‘of additional platelets, through the 
agen or other mediators (such as 
amplifies the response and pro- 
echanism that recruits more plate- 


j P is synthesized by endothelial 
s. Once made, vWF is released into 


Sa 


the plasma where it is absorbed onto the Surface 

bound to its receptor, GP Ib/IX/V (Fig, 25-6) or; “na 
into the subendothelium. Platelets thus adhere A Porat 
injury at the endothelial lining, acting to arTeSt the; atea 
sode of bleeding. When injury occurs at a Site orf al 
blood flow (e.g., arteries), the utilization of GPy incre Teas 


to collagen can be necessary to secure Platelets to the VI bin Indi 

Figure 25-7, a TEM demonstrates platelet adhesion Site fy 

endothelial connective tissue at the focus of endothetar’ 

A decrease in platelet number as well as Platelet para, loss 

results in increased bleeding. tog 
GPlb-Ix.y 
complex 


Platelet 
Membrane 


Platelet membrane 
Glycoprotein Ib receptor 


Exposed subendothelium 


FIGURE 25-6 Pictorial representation of platelet adhesion to subendo- 
thelium through von Willebrand factor (vWF) bridge. 
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FIGURE 25-7 TEM of platelet adherenc 


tissue at the focus of endothelial loss. (1) Intact pl se 

(thin arrow indicates « granule; thick arrow ind ates OF st" (4) we 
tially degranulated platelet, (3) degranulated platelet Be is of DiSe 
elastic lamina. (From Cotran, £. Robbins Pathological isso 
1st ed. Philadelphia: WB Saunders; 1979, p- 116 with i 


—_— 


e VANCED CONTENT 
js a leucine-rich complex composed of two 

xs each of GP Iba, GP IbB, and GP IX, with one 
of GP V. VWF binds directly to GP lba mole- 
GP 1bf interacts with actin molecules. GP [X 
help to hold the complex together. 
fects in Gp Ib/IX/V lead to Bernard-Soulier syn- 
ofe which is characterized by mucocutaneus 
Sng, thrombocytopenia, and giant platelets. Deficiency 
Willebrand factor causes von Willebrand disease 
}). which is the most common autosomal inherited 
+ disorder. There is reduced or absent ristocetin- 
g tion in both BSS and vWD. However, 
agerce containing von Willebrand factor could 

3 ie defect in the patients with vWD, which is helpful 
suish it from BSS.*'® (See Chapter 26.) 


yD 


snapeChange == ; aha 

The interaction of circulating platelets with external stimuli or 
ists results in a series of complex reactions known collec- 
tively as platelet activation that precede the ultimate activation 
event of platelet aggregation and platelet secretion. Platelet 
sciivation occurs when an external agonist interacts with its 
specific membrane receptor on the platelet. Signal transduction 


1 oe Pare 


rerreyey: 


meters 
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occurs, transmitting the signal from outside the cell to inside 
the cell. Activation of second messenger pathways within 
the platelet leads to further intracellular biochemical changes, 
Culminating in platelet activation events such as shape change, 
Secretion, cytoskeletal reassembly, and platelet aggregation.* 
Following vessel injury and exposure to external stimuli, 
platelets change shape from circulating discs to spheres with 
Pseudopods, indicating platelet activation (Fig. 25-8). 

Many agonists such as collagen, ADP, thrombin, and TXA, 
alter the internal levels of cytosolic calcium, thus promot- 
ing shape change.’ The normal discoid shape of the platelet 
is defined by the circumferential microtubules. Increases in 
cytosolic calcium cause dissolution of the circumferential 
microtubules, thereby altering platelet shape.'’ Shape change 
is thought to represent the most sensitive parameter of platelet 
activation. TXA, and ADP are potent platelet agonists when 
bound to their specific membrane receptors. During plate- 
let activation in response to thrombin, two platelet-derived 
agonists (ADP and TXA,) are released, serving to amplify 
intracellular events that result in platelet secretion and plate- 
let aggregation.’ When platelets become activated, shape 
change and exposure of platelet membrane phospholipids 
such as PF3 occur. Exposure of PF3 promotes the assembly 
of vitamin K—dependent factors on the platelet membrane sur- 
face. Dependent on the strength of the agonist, shape change 
and signaling platelet activation may be followed by platelet 
aggregation. 
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ADVANCED CONTENT 


ADP activates platelets through three receptors, P2Y,, 
P2Y,,, and P2X,. P2Y, and P2Y,, receptors are G-protein 
coupled receptors and are important for platelet activation, 
shape change, aggregation, TXA, generation, and throm- 
bus formation. Clopidogrel and ticlopidine can block P2Y ,, 
receptor and are used in the treatment of thrombotic disor- 
ders. P2X, receptor is an ion channel that leads to calcium 
influx upon activation,'® 


Aggregation 

Platelet-to-platelet interaction is known as aggregation and 
usually begins 10 to 20 seconds after vascular injury and plate- 
let adhesion.*"° Platelet aggregation is an energy-dependent 
process that requires ATP, which is primarily derived from 
glycolysis. Ionized calcium (Ca**), fibrinogen receptors GP 
IIb and IIIa, and fibrinogen are necessary for platelet aggre- 
gation. Platelet aggregation requires a conformational change 
in platelet membrane receptor GP IIb/IIla (and GP V), thus 
allowing the binding of fibrinogen.'*’* 


ADVANCED CONTENT 


Gp Iib/Illa is a highly abundant platelet receptor, and 
it does not bind fibrinogen on non-stimulated platelets. 
Gp Iib/IIJa receptor can transmit information bidirection- 
ally across the plasma membrane. Upon platelet stimula- 
tion, Gp IIb/IIIa is converted to a high-affinity fibrinogen 
receptor through “inside-out” signaling. This process is 
mediated by changes in the intracellular cytosolic portion 
of the receptor, resulting in the conformational changes 
on the external cell surface. Fibrinogen binds Gp IIb/IIla 
receptors between two platelets that enforce and sta- 
bilize thrombus formation. The “outside-in” signaling 
occurs when Gp IIb/Ila binds to immobilized vWF, and 
the cytosolic portion of Gp IIb/IIIa receptor binds to the 
platelet cytoskeleton, which causes platelet spreading and 
clot retraction. GP IIb/IIla receptor antagonists, such as 
abciximab, tirofiban, and eptifibatide, are platelet-selective 
because the receptor is only on platelets. 


The binding of the two symmetric ends of fibrinogen 
to different platelets promotes platelet-to-platelet inter- 
action, thus leading to the formation of a large platelet 
aggregate. Calcium and/or magnesium, in the form of 
diyalent cations, are also required for fibrinogen binding. 
Once fibrinogen binds to this membrane complex, extra- 
cellular Ca?*-dependent fibrinogen bridges form between 
adjacent platelets, thereby promoting platelet aggregation. 
ADP induces the exposure of fibrinogen receptor sites 
on the platelet membrane. It should be noted that normal 
plasma fibrinogen levels support platelet aggregation. In the 


ae 


absence of plasma fibrinogen, platelet fibring 
the a granules is released, promoting platelet a Stored 
Platelets deficient in GP IIb/IIla (Glanzmany'. 
thenia) do not aggregate in response to Platelet-g 
agents." Platelets will not aggregate in the ab, 
brane glycoproteins, fibrinogen, or divalent 

The platelet membrane also includes receptors fj 

. . ; lor 

stances such as ADP, thrombin, epinephrine, coi} wih 
boxane A, (TXA,), and serotonin, which play a role inp 
aggregation.'® ADP and TXA, are potent platele, 
when bound to their specific platelet membrane Tecepton 
These two platelet-derived aggregators are released " 
platelet activation in response to thrombin and amplify ints 
cellular events, leading to platelet secretion and platelet agg 
gation. The secretion of such substances by activated pte 
causes the activation of additional platelets, thus augmentig 
the primary hemostatic response. : 

In vitro platelet aggregation can be stimulated by a vane 
of agents (agonists), which are listed in Box 25-3, In yn 
aggregation can be visualized as a two-phase Process thy 
may be reversible or irreversible, depending on the streng} 
of the stimulus. In the first phase, aggregation is initiated by 
an agonist, causing the release of small amounts of ADP fun 
the dense granules. This initial aggregation wave is refered 
to as primary or reversible aggregation." At this point in the 
aggregation process, small aggregates are formed with lov 
ambient concentrations of ADP. ADP at this concentration 5 
only a weak platelet agonist, and therefore these aggregaix 
may dissociate into individual platelets if the process does nx 
proceed normally. Primary aggregation involves contraction 
of the circumferential microtubules and the reorganizatioe 
centralization of platelet organelles 

The second phase, or secondary wave, of aggregatioa 5 
dependent on the activation stimulus being strong enough ® 
evoke the secretion of platelet granule contents, particulit 
nonmetabolic ADP from the dense granules, as a consequea 
of a stronger, more complete contraction of the circumlert® 
tial microtubules, The beginning of secondary aggreg#* 
actually defines the activation event of secretion, Ultras 
tural analysis shows the internal reorganization of onan 
is more severe, and degranulation is evident by the wie 
density of the granules with transmission electron micros 
(TEM) (Fig. 25-9). Biochemical studies have confi 
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Common In Vityp Platelet Aggregators 


* Adenosine diphosphate” (iow, optimal, and high ¢ 
* Collagen* 

* Epinephrine* 

+ Thrombin* 

+ Ristocetin* 

* Serotonin 

* Arachidonic acid 

* Immune products 
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FIGURE 25-9 TEM of an activated and a degranulated platelet. A. Early 
aggregation of activated platelet (the primary wave of aggregation, a 


teversible process). B, Degranulated platelet (the secondary wave of aggre- 


gation, an irreversible process). (From Barnhart, MI, Platelet responses in 
health and disease. Mol Cell Biochem. 1978;22:117, with permission.) 


telease of substances such as ADP, serotonin, and epinephrine. 
Secondary aggregation is often considered to be irreversible. 
Various laboratory methods are employed to evaluate plate- 
Iet aggregation. One method of aggregometry, optical, utilizes 
4 sectrophotometer in which platelet-rich plasma and exog- 
ious aggregating agents are added in a cuvette. As platelets 
*eeregate, decreasing optical density results in increased light 
ansmittance, ‘The change in density (percent transmittance) 
i corded, creating typical aggregation “patterns” for each 
ening agent. The pattern produced is analyzed for reac- 
a time, change, primary aggregation, release reaction, 
ty, Secondary 4ggregation. Another method, Jumiaggregome- 
Platelet both optical density and fluorescence in measuring 
ion and simulteneous release of ATP; firefly 


Mio hciere 


4 exhausts i an energy-dependent process that requires 
tr discussion ATP resources of the platelet (see Chapter 33 
ion of Of the principles, instrument methods, and inter- 
A third =. let aggregation) 

tity of the » Whole blood aggregometry, measures the 
blog ispen; lets to respond to agonists while in whole 
coe aa 1 1M using the electrical impedance principle, 
Sitteg Who} tlectrodes are inserted into a cuvette containing 
© blood in a 1:1 saline dilution. The electrodes 
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FIGURE 25-10 A typical biphasic response of in vitro platelet aggregation 
to ADP, as recorded via an aggregometer. 


produce a small electric current running through the whole 
blood suspension. As platelet aggregation occurs, the platelets 
collect on the electrodes, reducing or impeding the magni- 
tude of the current, The change is directly proportional to the 
degree of platelet aggregation. The whole blood aggregation 
pattern resembles a platelet-rich plasma (PRP) aggregation 
tracing but is measured in ohms. However, you rarely see sec- 
ondary aggregation demonstrated, and the peak amplitude is 
much lower than in a PRP tracing. One distinct advantage of 
whole blood aggregation is that it virtually eliminates the need 
for PRP preparation, reducing the blood volume required for 
testing, and the platelet count does not have to be standard- 
ized, The operator pipettes an aliquot of properly mixed whole 
blood into the cuvette, and adds an equal volume of physiolog- 
ical saline prewarmed to 37°C and a stir bar. After placing the 
cuvette into the reaction well, the electrodes are placed into the 
mixture and the aggregating agent is added. The aggregation 
pattern is then measured.’ Recent studies have also shown that 
whole blood aggregation may be more sensitive, may reflect 
the true nature of platelet aggregation in vivo than PRP meth- 
ods, and may be more sensitive to aspirin effects. 


Secretion (the Release Reaction) 

Platelet secretion (release) and secondary aggregation are 
intimately related and occur almost simultaneously; therefore, 
the discussion of the two topics is difficult to separate. Recall 
that the beginning of secondary aggregation actually defines 
the activation event of secretion. For secondary aggregation 
to occur, there must be secretion, particularly ADP, from the 
dense granules, A sufficiently strong stimulus is necessary for 
the secretion, or release reaction, to occur, The release reaction 
from dense granules involves the secretion of ADP, serotonin, 
and calcium. During the various stages of aggregation, platelet- 
secreted proteins are released from cellular organelles, thus 
serving as markers of platelet activation. ADP js responsi- 
ble for both primary and secondary aggregation (depending 
on the amount secreted) and serves to amplify the process. 
Amplification of the initial aggregation of platelets (a rey ers- 
ible phenomenon) results in secondary aggregation and the 
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recruitment of many other platelets into a large platelet mass. 
The transformation of irreversibly aggregated platelets into a 
mass of degenerative platelet material without membranes is 
termed viscous metamorphosis (Fig. 25-11). The biochemi- 
cal contents of the platelet lysosomes are also released during 
secretion. It is thought that these enzymes function in viscous 
metamorphosis and later dissolution of the platelet plug at the 
site of vascular injury. 

Specific platelet-secreted proteins are released from a and 
dense granules as well as from platelet lysosomes follow- 
ing appropriate stimulation. Four platelet-specific proteins 
secreted from the a granule have been well characterized to 
date and are currently used as “markers of platelet activation.” 
These include beta-thromboglobulin (B-TG), platelet factor 4 
(PF4), thrombospondin, and PDGF, which confirm the degran- 
ulation of platelet « granules.'® Because B-TG, PF4, thrombo- 
spondin, and PDGF are proteins virtually absent from normal 
plasma and found in small concentrations within platelet a 
granules, these proteins specifically mark platelet activation.' 
A number of clinical conditions such as arteriosclerosis, cere- 
brovascular disease, cardiopulmonary bypass, shock, venous 
thrombosis, and DIC are associated with increased plasma 
levels of these markers, thus signifying platelet activation. 


Stabilization of the Hemostatic Plug 

The last stage involved in arresting bleeding after vessel 
damage is the formation of a stable platelet plug. This sta- 
bilization is achieved through the activation of the coagula- 
tion cascade and formation and deposition of fibrin (the end 
product of coagulation) on the platelet aggregates. Exposure 
of collagen within the subendothelium of the damaged ves- 
sel (via the intrinsic pathway) and the release of tissue factor 
(via the extrinsic pathway) directly initiate fibrin formation. 
Thus, fibrin interweaves through and over the initial platelet 
plug, compressing it into place at the site of the vessel injury. 
What originally starts as a small gelatinous mass gradually 
increases in size. In pathological conditions, thrombus for- 
mation may often occlude the lumen of a vessel, producing 
ischemia to the affected organ or tissue.'' During thrombus 
formation, thrombin, plasminogen, tissue plasminogen acti- 
vator (t-PA), and antiplasmin are all incorporated into the 


clot.” As thrombin is incorporated int 
tected from degradation by its inhibitors: «°° its 

Z TS: antit Mh, 
and heparin cofactor II. Thrombin, NOW tra 
meshwork of the clot, activates factor XI 


© the ¢| 


thus, clot stabilization. 

Fibrinolysis, the complex series of ¢ . 

7 es eae LIC Peay: 

that promote clot dissolution, is simultaneous} Teaco, 
during the process of clot formation. As fevke 
tioned, plasminogen, the precursor of the Proteolytic 
plasmin, is incorporated into the fibrin clot. End 
of the damaged vessel wall secrete t-PA, whi 
the conversion of plasminogen to plasmin 
endothelial cell t-PA and its inhibitor, Plasminogen aci 
inhibitor (PAI), is mediated by thrombin, Any excess D Yate 
is controlled by its inhibitor, antiplasmin. Thus, fibring 
initiated in the final phase of thrombus formation, It iti 
tant to mention that thrombin also stimulates the Secretion 
endothelial cell substances as well as the secretion Of plate 
proteins that promote tissue repair and play a Major role 
wound healing. Clot dissolution, therefore, Provides a eri. 
cal means by which formed thrombi are removed from the 
vascular system, blood vessels are repaired, and blood fos 
returns to normal. Protective mechanisms prevent thrombi 
formation in healthy intact blood vessels. 

A review of the sequence of events involved in platelet 
plug formation and the approximate time involved in aad 
stage are provided in Figure 25-12. 


2. AGGREGATION 


Platelet Secretion 
(Degranulation) 


3. PLUG FORMATION 


1-3 min, 
Fibrin Formation 
4. CONSOLIDATION | 
3-5 min. 
Retraction 
| 5, FIBRIN STABILIZATION 
5-10 min. 


ig formation. 


FIGURE 25-12 Sequence of events in hemostatic plu ive tissue 


(1) Platelet adhesion to exposed subendothelial connect! . 
tures, (2) Platelet aggregation by ADP, thromboxane A, 0 react! 
recruitment through transformation of discoid platelets int pend 
spiny spheres that interact with one another through once 0 
fibrinogen bridges. (3) Contribution of platelet congue 

the coagulation process, which stabilizes the plug with @ throb 

(4) Consolidation of the platelet mass to provide a dense xill. 

(5) Fibrin polymerization and fibrin stabilization by factor 


cED CONTENT 


yg ADP t0 the platelet membrane activates phos- 
dine an enzyme that cleaves the phospholipids pres- 
pholipases jatelet membrane, freeing fatty acids such as 
jn the = d. Arachidonic acid is converted to prosta- 

! endoperoxides in the cytoplasm by prostaglandin 
glandin 00 mmonly known as cyclo-oxygenase, These 
4 synthetae des are converted to thromboxane A2 (TXA,), 
ero Jatelet aggregator, mediator of platelet secretion, 

a potent ae oter of vasoconstriction. With its in vivo half. 
and a eal nds, TXA, activity is limited in time because it 
jife if 3 es spontaneously within the platelet to an inactive 
i dehydrothromboxane B, (11-DHTB,). As TXA, 
a a rated with subsequent aggregating effects on plate- 
e calcium, sequestered in the dense tubular system of the 
jatelet, is extruded in the sol-gel zone. Thrombin, also a 
pote platelet aggregator, can induce secretion of all plate- 
met granules. Serotonin, secreted by the dense bodies of the 
“platelet, is a weak aggregating agent as the sole stimulus but 
q amplifies the aggregating effect of other agonists such as 
_ ADP, Serotonin serves as an important vasoconstrictor and 
‘a potent stimulator of smooth muscle prostacyclin (PGI,) 
" production. PGI, is synthesized by vascular endothelial and 
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_ Smooth muscle cells from arachidonic acid. PGI, is a potent 
_ Vasodilator and endogenous inhibitor of platelet aggrega- 
tion. TXA, and PGI, are products of arachidonic acid which 
Play a role in the regulation of the hemostatic plug and 
| thrombus formation. (F ig. 25-13). 


Effect of Aspirin on Platelet Activation 

Aspirin is a widely used antithrombotic agent for the clinical 
treatment of arterial thrombi. Aspirin exerts a permanent yet 
limited effect on platelet aggregation by inhibiting the action 
of the cyclo-oxygenase enzyme and production of TXA,.** 
Platelets are anucleated cells; thus, they lack the ability to 
synthesize new mRNA or protein. Exposure of platelets in 
the peripheral circulation to a relatively small dose of aspirin 
(60 to 325 mg) results in the irreversible inactivation (acetyl- 
ation) of the platelet enzyme cyclo-oxygenase and inhibition 
of TXA, synthesis for the life span of the circulating platelet. 
It is this quality that gives aspirin its tremendous therapeutic 
effect on platelet activation. Megakaryocytes, however, are 
capable of synthesizing cyclo-oxygenase, and newly formed 
platelets show normal enzyme activity. Aspirin also inhib- 
its endothelial cell cyclo-oxygenase consistent with the fact 
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FIGURE 25-13 Synthesis of Prostagian 


EN DOTH ELIAL CELL dins in platelets and endothelial cells 


during platelet plug formation in an 
injured area of a vein 
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that they are genetically identical cellular products. However, 
endothelial cells possess the organelles necessary to synthe- 
size cyclo-oxygenase, thereby regenerating enzyme activity 
as the level of circulating aspirin decreases. , 

The effect of aspirin on platelet cyclo-oxygenase is highly 
sensitive yet quite limited. Platelets activate and aggregate in 
response to stimuli such as thrombin and collagen. There are 
several other intracellular signaling pathways that mediate 
platelet activation and aggregation, but only one, TXA, synthe- 
tase, is inhibited by aspirin.* Thus, aspirin has a modest effect 
on platelet function in vivo, causing moderate prolongation 
of the bleeding time, moderate inhibition of platelet aggre- 
gation, increase in the PFA-100* closure time (epinephrine/ 
collagen cartridge [Dade-Behring])* and reduction of the 
aspirin-resistance units using the arachidonic-acid cartridge 
with the VerifyNow™) (Accumetrics) analyzer.” Despite its 
limited effect on platelet function, aspirin provides a clinically 
significant antithrombotic effect. 


NE CRANE 
CRITICAL THINKING QUESTION 


25-1 von Willebrand's disease (the deficiency of von 
Willebrand factor) and Glanzmann’s thrombasthenia 
(the deficiency of GP IIb/Illa) are known bleeding 
disorders. Why do these two conditions cause bleeding 
issues? 


See answers to all Critical Thinking Questions at the back 
of this book. 


Secondary Hemostasis: Fibrin-Forming 
(Coagulation) System 


The fibrin-forming (coagulation) system is the system 
through which coagulation factors interact to eventually form 
a fibrin clot. The purpose of fibrin clot formation (secondary 
hemostasis) is to reinforce the platelet plug (primary hemo- 
stasis). Secondary hemostasis may be started by the release 
of tissue factor from epithelial or endothelial cells that are 
exposed to the circulatory system at the site of a vascu- 
lar injury. Defects in secondary hemostasis decrease fibrin 
production and reduce the stability of the formed clot. 

This system is mediated by many coagulation proteins 
(coagulation factors) normally present in the blood in an inac- 
tive state. The coagulation factors and their most commonly used 
designations are listed in Box 25-4. Low levels of the coagu- 
lation factors in secondary hemostasis may be associated with 
bleeding that is generally delayed compared with that observed 
in defects in the primary hemostatic mechanism. Symptoms of 
defective secondary hemostasis may include soft tissue bleed- 
ing, hematomas, retroperitoneal bleeding or hemarthrosis. Good 
examples of these problems are the hemophilias that are asso- 
ciated with factor VIII and IX deficiencies (see Chapter 27). 
Secondary hemostasis is the phrase used to encompass the coag- 
ulation factors’ role in the hemostatic mechanism. 

Most of the coagulation factors are designated by Roman 
numerals. The numerical system adopted assigns the number 
to the factors according to the sequence of discovery and not 


OX 25-4 Nomenclature of Coagulation ¢. 
Ctors 


+ Factor! - Fibrinogen 

* Factor fl - Prothrombin 

+ Factor Ill - Tissue thromboplastin 

+ Factor IV -lonized Calchicn cas nat Factor 

« Factor V -Labile factor (proaccelerin) 

* Factor VI - Not assigned* 

+ Factor Vil - Stable factor (serum proth 

accelerator [SPCA] proconvertin) 

Factor Vill - Antihemophilic factor A 

(coagulant portion) 

+ Factor IX - Christmas factor (plasma thrombo, 

component [PTC], Antihemophilic factor B) 

Factor X - Stuart-Prower factor 

+ Factor XI - Plasma thromboplastin antecedent (pra, 

Factor XII - Hageman factor (contact factor) 

+ Factor Xill - Fibrin-stabilizing factor (FSF), Plasma 
transglutaminase 

+ HMWK- High molecular weight kininogen (Fitzgeralg 

+ PK- Prekallikrein (Fletcher factor) f 


FOMbin OnVersn 


(AHF), factor Vite 


Plastin 


*The factor VI designation was dropped because a subs 
ta 

thought to be factor VI was found to be a precursor to factory nay 

avoid confusion, factor VI has not been reassigned, | and to 
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to the point of interaction in the cascade. Some facto 

: 3 FS ate 
routinely referred to by their common names, such as fibrin 
ogen and prothrombin, whereas others are more co 
referred to by Roman numeral (such as factor XI, plasm, 
thromboplastin antecedent factor). 

Activation of a factor is designated by the addition ofa 
small “a” next to the Roman numeral in the Coagulation cas. 
cade (e.g., XIla, XIa) unless convention dictates otherwise 
For example, most references incorporate “thrombin” itt 
the coagulation cascade rather than its alternate designation 
factor Ila. Some of the common names are derived from the 
original patients who exhibited symptoms leading to elucids. 
tion of that factor deficiency and an understanding of the role 
of that factor in the cascade (e.g., Christmas factor, Hageman 
factor). Other common names describe the action of the facie 
in the coagulation system (e.g., fibrin-stabilizing factor) 

All the coagulation proteins are produced in the liver The 
von Willebrand factor portion of the factor VIII complex is 
produced in other body sites as well, namely, in endothelial 
cells and megakaryocytes. 


Classification of Coagulation Factors by 
Hemostatic Function 
In terms of general hemostatic function, the coagulation fx 
tors can be classified by hemostatic function into subst 
cofactors, and enzymes (Box 25-5) 

Factor I, fibrinogen, is regarded as the main substrit 
of the blood coagulation system because the formation of! 


fibrin clot from fibrinogen is the final product. Cofactors # 
proteins that accelerate the enzymatic reactions involved # 
the coagulation process. Some examples of blood coag : 
tion cofactors are V (labile factor) and VIII:C (antihemopt : 


factor [AHF]). 


Classifications of Coagulation Factors by 
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subste? en (factor ) 
5 fibrined 

rs 
‘ofacto factor V) 
‘ Labile facto antihemophilic factor, coagulant Portion) 
a pactor 


es 
ses 
cone Xa, Xla, Xila, prekallikrein 
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The last general category of blood Coagulation factors is 
e category. Enzymes involved in coagulation can 
the Beresded into two groups: serine proteases and transami- 
sul Except for factor XIII (fibrin-stabilizing factor), all the 
nases- es are serine proteases when they are in their activated 
form. These proteases have serine as a portion of their active 
tic site and function to cleave peptide bonds. 
factor XIII (fibrin-stabilizing factor) is the only mem- 
ber of the transaminase subgroup. It functions to create 
cross-linkages between the fibrin monomers formed during 
the coagulation process to produce a stable fibrin clot. 


Classification of Coagulation Factors by Physical 


On the basis of their physical properties, the coagulation pro- 
teins can be divided into three groups: the contact proteins, 
the prothrombin proteins, and the fibrinogen or thrombin- 
sensitive proteins (Table 25—7). 

The contact protein group includes factor XII (Hageman 
factor), FX1, prekallikrein (PK; Fletcher factor), and high 
molecular weight kininogen (HMWK; Fitzgerald factor). 
These proteins are involved in the initial phase of intrinsic 
system activation. Although deficiencies of these coagulation 
Proteins are associated with markedly abnormal laboratory 
tests, a bleeding tendency is not an issue. Interestingly, prob- 

With thrombosis have been reported in patients with fac- 
tor XI] (Hageman factor) and prekallikrein (Fletcher factor) 
encies. The contact group works to activate factor XI. 
‘ge Prothrombin group (see Table 25-7) generally con- 
Sts of low Molecular weight proteins that include factors II 
XG mbin), VI] (stable factor), IX (Christmas factor), and 
a ipl factor). Each member of this group contains 
is amino acid: gamma carboxyglutamic acid, which 
Sagulation “el both calcium binding and attraction of these 
the _ tors to the surface of activated platelets, where 
"quired pikct = fibrin clot occurs, Because —e 2 
thi Mn is € carboxylation of the glutamic acid residues, 
lation S also known as the vitamin K -dependent coagu- 
teins, These factors may also be selectively removed 
a by adsorption on barium sulfate (BaSO,). 
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TABLE 25-7 Classification of Coagulation Proteins by 
Physical Properties 


Factors Xl, XI, PK, 


UH, VIL IX, X 1, V, Vi, Xi 


HMWK 
Consumed No No (except il) Yes 
during 
Coagulation 
Present in Yes Yes (except il) No 


serum 


Present in Yes Yes No* 
stored plasma 


Adsorbed by No Yes No 
BaSO, 
Vitamin K- No Yes No 


dependent 


“Factors V and Vill are not present in stored plasma because of their labile nature, 
but factors | and Xill are present. PK = prekallikrein; HMWK = high molecular weight 
Kininogen; BaSO, = barium sulfate. 


Drugs that act as antagonists to vitamin K (such as warfarin 
[Coumadin], commonly used for oral anticoagulant therapy) 
inhibit this vitamin K-dependent reaction, which is required 
for functionally active coagulation factors of the prothrombin 
group." Factors II, VII, IX, and X; proteins C and S; and pro- 
tein Z are still synthesized by the liver but are nonfunctional 
because they lack the specific receptors for calcium and can- 
not enter into the formation of an enzyme-substrate complex." 
Therefore, patients who are nutritionally vitamin K—deficient 
also exhibit decreased production of functional prothrombin 
proteins. These dysfunctional factors are known as “Proteins 
Induced by Vitamin K Absence or Antagonists.” 

Acquired deficiencies of the vitamin K-dependent coag- 
ulation factors are relatively common because the body does 
not contain appreciable stores of vitamin K. Clinical situa- 
tions in which a vitamin K deficiency can develop include 
patients who have just had surgery and are receiving paren- 
teral feeding, patients who are receiving high doses of intra- 
venous antibiotics, and patients suffering from liver disease. 

The fibrinogen group (see Table 25~7) consists gener- 
ally of high molecular weight proteins that include factors 
I (fibrinogen), V (labile factor), VIL (antihemophilic fac- 
tor), and XIII (fibrin-stabilizing factor). During coagulation, 
generated thrombin acts on all the factors in the fibrinogen 
group. Thrombin enhances the activity of factors V and VII 
by converting these proteins into active cofactors that are 
involved in the assembly of macromolecular complexes on 
the surface of activated platelets. Thrombin converts fibrin- 
ogen to fibrin and activates factor XIII. 

Factors V and VIII:C are the least stable factors 
because their activity is relatively labile to degradation and 
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denaturation. Therefore, testing for factor V and VIII:C Eventually, both the extrinsic 4nd intrins 

should be rapid, unless appropriate storage measures are the common pathway with generation of Py *Ystery 
taken. In addition to their presence in plasma, these fac- bin, which converts fibrinogen to fibrin oy “a 
tors are also found within platelets. Some factors within the 25- 18). The term extrinsic is used because hems ns 
fibrinogen group have been reported to increase with inflam- _ initiated when tissue factor, a Substance Not f od my. 
mation, pregnancy, and with the use of oral contraceptives. enters the vascular system (see Fig. 25-4 4) Ound jp i 
Other physical properties of the coagulation factors are sum- _tor includes a phospholipid component that ie they, 
marized in Table 25-8. required phospholipid in the extrinsic wi 1 the tn 
Phospholipid provides a surface for interan "8 2) 
factors. The phospholipids required in the ra of Vitiy, 
are provided by the platelet membrane. [q oo Bi 
way, all the factors necessary for clot formation " 
to the vascular compartment because they are a tg, 
the circulating blood (see Fig. 25~15), Oud Wi, 


Blood Coagulation: The “Cascade” Theory 
The process of blood coagulation involves a series of 
biochemical reactions that transforms circulating substances 
into an insoluble gel through conversion of soluble fibrinogen 
to fibrin. This process requires plasma proteins (coagulation 
factors) as well as phospholipids and calcium. 

Blood coagulation leading to fibrin formation can be sep- _ Extrinsic Pathway (Factor VII) 
arated into two pathways, extrinsic (Fig. 25—14) and intrinsic _In the extrinsic pathway, factor VII is activate, 
(Fig. 25-15), both of which share specific coagulation factors _in the presence of Ca®* (factor IV) and the tissue facie. 
with the common pathway (Fig. 25~16).2° Both extrinsic and _ III), which is released from the injured vesse] wal 
intrinsic pathways require initiation, which leads to subse- | 25-14). Only factor VIla, Ca, and factor I] timucart 
quent activation of various coagulation factors in a cascad- are needed to activate factor X to Xa. Achy 
ing, waterfall, or domino effect. Useful demonstrations can The extrinsic pathway provides a means for y ; 
be derived from the waterfall or domino concept. According _ producing small amounts of thrombin, leading to fib — 


4 to factor yp 


: : : rin fon 
to the cascade theory, each coagulation factor is converted to _ tion (see Figs. 25-17 and 25-18). In addition, the Vike 
its active form by the preceding factor inaseries of biochem- _ factor complex can activate factor IX to [Xa in the rho 


ical chain reactions. Calcium (Ca”*) participates in some of pathway. In the laboratory, the prothrombin time (PT) , 
the reactions as a cofactor. Each reaction is promoted by the _is used to monitor the extrinsic pathway (for a review ai 
preceding reaction. procedure, see Chapter 33). 3 


25-8 Physical Properties of the Coagulation Factors 
Clotting Pathway Molecular Weight(kD) —Half-LifeinVivo(h) Plasma Concentration (mg/dl) Storage Stability 


Intrinsic, extrinsic, 340 90-150 200-400 Stable 
common pathway 

Intrinsic, extrinsic, 70 50-100 10-15 Stable 
common pathway 

Eatrinsic system only 45 = 0 Stable 
Intrinsic, extrinsic, 330 12-36 0.5-1.2 Labile | 
common pathway 5s) 
Eatrinsic system only 48 4-6 0.05-2.0 Stable 
Intrinsic system only 350 8-12 0.01-0.1 Labile 
Intrinsic only 60 20-24 03-04 Stable 
Intrinsic, extrinsic, 59 24-65 0.5-1.0 Stable 
common pathway 

Intrinsic only 160 40-80 0 Stable 
intrinsic only 80 50-70 3.0-4.0 Stable | 
intrinsic, extrinsic, 320 72-150 10 Stable 
common pathway 
intrinsic only 85 35 3,0-5 Stable 
Intrinsic only 150 150-160 TN ee 


prs are present in normal fresh plasma. 
HMWK = high molecular weight kininogen. 


— 
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Extrinsic Pathway 


ae m1, 
‘tn, 


> 
Tissue Factor 
“oS 
Ca**  piateiéls 


Vil 


in-vivo Vila 
athwa' 
2? y 


Extrinsic System (VII) 
Break in Vessel Wall 
releases 
(Tissue Factor (TF)) 
Tissue Thromboplastin (IID) 


(e 
- Vila 


a . 
Bile 


Activates 


Common Pathway 


Intrinsic Pathway 


— X t |X > Xa etc FIGURE 25-14 The extrinsic pathway and the role of 
(X a) etc. factor Vila in activation of factors X and IX (From American 


Bioproducts Company. Modified with permission.) 


i The next reaction in the intrinsic pathwa © activa- 
Intrinsic Pathway (Factors XII, XI, IX, and Vill) _ The nex FeAactio oe ee 5 a penyay J the activa 
Subsequent exposure to negatively charged foreign sub- tion of factor IX to factor [Xa by factor Xla, in the presence 
slances such as collap< ibendothelium, or phospholip- of Ca”. Activated factor IX (IXa) participates, along with 

ids, activation of factor X! involving “contact factors” and the essential cofactor VIII:C, in the presence of ionized 
factor X] initiate clottin ugh the intrinsic pathway (see calcium and PF3, a source of phospholipids, to activate fac- 
Fig. 25- 15) : tor X, which leads to the generation of thrombin and forma- 
way, - ’ Hbri © °x consis > of fac (a-fac 

; Once £enerated, fact lla, in the presence of Fitzgerald fon of fibrin. jee complet se wot actor 1Xa-factor 
“cor (HMWK) and Fi factor (prekallikrein), converts VIlla-phospho IPOD yea oh Ss the fenase complex 

actor X] a Pz ; ’ activating facto! because it activates factor X (Fig. 25-20) 

to XIa. Fact 1 is capable of activating factor re . 

1 with | af . The macromolecular complex of factors LXa, \V Illa, X, 

Sut HMWK, but the activation takes place much more , : 
| Slowly,30 4 = PF3, and Ca** assembles on the surface of the activated plate- 
Cee. a let (providing the phospholipid) during the intrinsic pathway 
L frctor ye pencies in thes« ins (prekallikrein, HMWK, and let ( ) 


1) are not assoc 


e Iieney is not kn 
Cr, it is a 
™Plicatic 


‘ 1 coagulation.** This surface provides a protective 
ndencies. Factor of blood 2 
with bleeding tendencies. Factc 


) cause bleeding complications; 


SSOCiated y , . ‘ »mboembolic 
Nns,*! ai pradoxical fatal throm ical anticoagulants normally present in plasma 


wa (i! \tnitde UI ee 


environment that facilitates the enzymatic reactions of the 
coagulation cascade without interference from the physiolog 
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_ er POE De es 
ka Hawk 


Kallikrein 


y in-vitro” 
pathway 


F XII 


F Xia 
HMWK 
Prekallikrein 


FIGURE 25-15 The intrinsic pathway and 
its role in activation of factor X. HMWK = 
high molecular weight kininogen; PF3 = 
platelet factor 3. (From American 
Bioproducts Company. Modified with 
permission.) 


Intrinsic System 


In regard to the intrinsic pathway, it is also important to 
be familiar with the properties of the factor VIII complex 
(Box 25-6). Factor VIII complex consists of two main por- 
tions, factor VIII:C (the procoagulant protein) and vWF (the 
carrier protein). 

It should be noted that factor VIII requires enhancement by 
the generated enzyme thrombin to amplify its activity.*° In the 
laboratory, the activated partial thromboplastin time (aPTT) 
test is used to evaluate the intrinsic pathway. During labora- 
tory testing, the intrinsic pathway is initiated in vitro by acti- 
vation on negatively charged surfaces, such as glass or kaolin, 
or chemically by ellagic acid (for a review of this procedure, 
see Chapter 33). 

The factor VIIJ complex, which consists of several com- 
ponents, comprises the largest protein involved in the coagu- 
lation cascade. The major portion of this protein complex is 
considered to be the carrier protein called von Willebrand fac- 
tor (VWF), although this is not the portion active in the coag- 
ulation cascade, A smaller subunit or protein that is associated 
with factor VIII is responsible for the clotting or procoagulant 
activity of factor VIII (VIII:C). The C in the expression VIII:C 
stands for “coagulant.” It is factor VIII:C that is functionally 


active in the coagulation cascade. 
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The vWF portion of the complex carries the VI 


procoagulant portion. The vWF portion may exhitt? 
stabilizing effect over factor VIII:C by protecting ne 
proteolytic activity.’ 
size and its ability to bin 
Ib/IX/V and IIb/IIIa receptors, it appears to have 2 me 
anchoring the platelet plu 


2 Because of vWF’s extremely 2 
to the platelet membrane ‘ 
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> ADVANCED CONTENT 
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polyphosphates, and ae? 


and _platelet- -derived ot 
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Three physiological trigg 
been described: collagen 
extracellular traps. Ce 
phates are able to activate 
tors further downstreat 
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but rather to increased fibrin clot stability Leper 
reason why high levels of F XII associate with 
While F XII deficiency may cause the clot to bewl 


lead to embolization.” 
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Common Pathway 
(Factors X, V, I, I) 
FIGURE 25-16 The common pathway and formation of fibrin clot. PL= 


Phospholipid source. (From American Bioproducts Company. Modified 
with permission.) 


Common Pathway (Factors X, V, II, and !) 
The terms intrinsic and extrinsic pathways really 
ft with the current understanding of hemostasis; ! 
ae still used to identify the coagulation { 
atinse elray begins with the activation of {ac 
45-17) Fre the extrinsic system, or both (sec 
Phospholipid aay Xa, in the presence of factor 
thrombin die converts prothrombin to its a 
tO activate fa in they takes the follow ing acti 
Uble fibrin mono ctors VIII and V, converts fibrinog 
Y converting acted and helps to stabi lize the fibrin r 
Nomers to fo or XIII to Xia, which cross-links the fi 
ther actions tm stable fibrin polymer. Thrombit 
Mediat eee later discussion in the section TI 
ay contains th m Hemostasis). Because the com 
N0nitored by b © factors X, V, II, and I, these factors may 
oth the PT and the aPTT. 
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From the extrinsic system, factor Vila in the presence of 
tissue factor and ionized calcium converts factor X to Xa. 
From the intrinsic system, the tenase complex (factor [Xa in 
the presence of factor VIII:C, phospholipid [PF3], and Ca’*) 
converts factor X to Xa (see Figs. 25-17 and 25-18). 

After the formation of factor Xa, this activated factor, along 
with cofactor V, in the presence of Ca?’ and phospholipid, 
converts factor II, prothrombin, to the active enzyme throm- 
bin (Ila). The phospholipid is present to provide surfaces so 
that prothrombin and factor X can be bound by bridges of ion- 
ized calcium.’ The association of factor Xa, factor V, phos- 
pholipid, and Ca?* is called the prothrombinase complex (or 
the prothrombin activator) because it enzymatically converts 
the substrate prothrombin to the enzymatically active throm- 
bin (Fig. 25-21). This additional macromolecular complex 
of factors Xa, Va, Ca®’, phospholipid, and prothrombin also 
assembles on the surface of activated platelets. 

Activation of thrombin is slow, but once generated, it fur- 
ther amplifies coagulation by converting fibrinogen to fibrin, 
activating factor XIII, enhancing the activity of factors V and 
VII, and inducing platelet aggregation. Thrombin acts on 
fibrinogen to form fibrin monomers. Fibrinogen is composed 
of three pairs of polypeptide chains (two alpha a chains, two 
beta B chains, and two gamma [y] chains). Thrombin cleaves 
a portion of each of the « and B polypeptides to form fibrino- 
peptides A and B. Most of the « and B chains are still left on 
the fibrinogen molecule. After this cleavage of fibrinopeptides 
A and B, the remainder of the fibrinogen molecule is called 

the fibrin monomer (Fig. 25—22). 

By using the PT and aPTT test results in the laboratory, one 
can identify defects or deficiencies as occurring in the intrin- 
sic, extrinsic, or common pathways of blood coagulation with 
the exception of factor XIII functional deficiency. 


Thrombin-Mediated Reactions 

in Hemostasis 

Each of the four major components of coagulation and the 
various substances produced by each component help to regu- 


late the basal state of hemostasis by which blood remains fluid 
cell surfaces remain nonthrombogenic, Vascular damage 
nia pf 5} 1 L a1} ilar nd nol = b il if cl lets 
1 { l ation Pp the 
« tion become t 
5 rac SC 
I ' S 
t 
Thrombin-Mediated Platelet Aggregation 
Phromobin 1s ¢ ] dt stent pla stea : 

agent. The binding of t bin to specific pla cf 3 
brane receptors initiate ilar events leading to platelet 
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INTRINSIC SYSTEM 


Contact Collagen 


XII aly Xila HMWK_, ' 


x| ——> Xla 


Blood Coagulation: The Cascade Theory 


FIGURE 25-17 Blood coagulation: The “cascade” theory 
of coagulation. The extrinsic system, the intrinsic 
system, and the common pathway and the appropriate 
laboratory tests for evaluation of each. HMWK = high 
molecular weight kininogen; PF3 = platelet factor 3; PK= 
prekallikrein; PT = prothrombin time; APTT = activated 
partial thromboplastin time. 


secretion and aggregation. Thrombin promotes secretion of 
serotonin, a vasoconstrictor, and TXA,, a platelet-aggregating 
agent. As a result of thrombin-induced secretion, vessels 
constrict, limiting blood flow, and platelets aggregate. The 
hemostatic plug grows in size, eventually being enmeshed 
within fibrin. Activated platelets provide surface phospho- 
lipids for the assembly of coagulation factors and further 


thrombin generation. 


ADVANCED CONTENT 


When platelets are activated, phosphatidylserine (PS) in 
the inner leaflet of the platelet membrane is transported to 
the outer leaflet of the platelet membrane. Scott syndrome 
is a rare autosomal recessive inherited disease caused by 
TREMI16F (ANO6) mutation. The mutation results in defec- 
tive translocating PS to the platelet membrane and reduced 
thrombin generation, and the patients often present with 
isolated bleeding after surgery or trauma, menorrhagia, and 
postpartum hemorrhage. Platelet numbers, morphology, 
adhesion, secretion, and aggregation appear normal.” 


Lab Tests 


APTT Monitors: 
XIl, XI, IX, VIII (Intrinsic) 
X, V, Il, | (Common) 


HMWK K 


enzymes which activate 
— — — — amplifiers 


cofactors: (V and Vill) 


PT Monitors: 
Vil (Extrinsic) 
X, V, ll, | (Common) 


Thrombin Formation: Role of Extrinsic Pathway 
Thrombin’s main duty is to cleave fibrinopeptides A and8 
from the alpha and beta chains of the fibrinogen molecuk, 
thus triggering fibrin polymerization. Also, thrombin ampl- 
fies the coagulation mechanism by activating cofactor \ 
VIII, and factor XI. Formation of thrombin occurs by wi) 
of the extrinsic pathway and tissue factor. Tissue factor,« 
membrane glycoprotein, is released from cells and tissu 
and binds to factor VII in circulation, thus activating 8 
tor VII to factor Vila. The TF-Vila complex then activa 
either factor IX or X. The prominent pathway is thought ® 
be activation of factor 1X to promote coagulation and {ibn 
formation. 


Thrombin Formation: Rele of Common Pathway 
Factors X, II (prothrombin), | (fibrinogen), and Can 
are critical to the formation of a thrombus 10 cine r 
Activated factor [Xa (via factor Vila), factor X, ne 
thrombin-activated Villa assemble on membrane ra 
phospholipid and catalyze the activation of factor ‘ , 
generated factor Xa, membrane-bound iron 

factor Va, Ca®*, and factor II (prothrombin) assem 


platelet membrane, forming the prothrombina 
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se comp i 
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Fibrin Polymers 
Fibrin Clot 


Fibrinolytic Pathway 
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<= 


the intrinsic and extrinsic pathways, and the interaction between the two, The fibrinolytic pathway 
K = prekallikrein; FpA = fibrinopeptide A. (From Diagnostica Stag 


verview of coagulation cascade 


ibrinogen and fibrin. HMWK = high molecular weight kininogen; P 


Thrombin-Mediated Anticoagulant 
Antithrombin (AT), formerly known as AT III 
physiological inhibitor of thrombin; factors Xa, [Xa 
XT la; activated protein ©; and kallikrein (Fig 
presence of heparin, the inactivation of thrombin 
Xa by AT is significantly increased. AT is consi 
inhibition of thrombin 


plex catalyzes the conversion of prothrombin to 
ie Ne this thrombin-modulated pathway provides 
Dubin from ack mechanism to amplify the generation of 
 Concentr 0 einen ata faster rate, Increased throm: 
Vand Ville serve to amplify the activation of cofac- 

. which, in turn, leads to enhanced thrombin 


dior 
N fro 
M its precursor prothrombin 
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Phospholipid, 
of Extrinsic an 


FIGURE 25-19 Platelet membrane phospholipid provides 
a surface for the interaction of coagulation factors and 
the formation of “tenase complex” and “prothrombinase 
complex” 


Factor X 


INTRINSIC 


“Tenase” Complex 


Factor Xa 


FIGURE 25-20 Activation of factor X at the beginning of the common 
pathway and the “tenase” complex. 


ADVANCED CONTENT 


Fondaparinux is a low molecular weight heparin that inhib- 
its thrombin formation by inhibiting factor Xa. The chro- 
mogenic antifactor Xa assay is currently the gold standard 
- for monitoring low molecular weight heparin (LMWH) and 
arinux therapy.” 


The role of protein C (a vitamin K—dependent factor) as an 
anticoagulant is related to the presence of thrombin, thrombo- 
modulin, and protein S.** Protein C is activated by thrombin 
and endothelial cell thrombomodulin. The formation of the 
thrombin-thrombomodulin complex accelerates the activa- 
tion of protein C. Activated protein C exerts an anticoagulant 
effect by inactivating cofactors Va and VIIla, thus slowing the 
rate of thrombin formation.”* It is important to note that acti- 
vated protein C does not inhibit the other regulatory roles of 


Ca*t+-Dependent Reactions 
d Common Pathway 


5-6 Factor Vill Complex 


Smaller Protein Subunit 
1, Nomenclature 
* VIII (referring to the procoagulant portion) 
+ VIll:C (for coagulant) 
2. Components 
* VIll:C/Ag-antigenic determinant of Vill, measured by 
immunoassays with human antibodies to Vill 
¢ Vill:;C-procoagulant property of normal plasma measured 
in the activated partial thromboplastin time (aPTT) test as 
coagulant activity 
3. Characteristics 
* Inherited as sex-linked recessive 
¢ Acts asa cofactor in a complex with factor IXa, Ca”, and 
PF3 to activate factor X to Xa 


Major Protein Portion 
4, Nomenclature 
* vWF (von Willebrand factor) 
+ VIll:vWF 
5. Components 
* vWF:Ag-antigenic determinant on vWF that is detected by 
using heterologous antibodies to VWF 
* Ristocetin cofactor (Vill:Rco)-the property of normal plasm 
WF that supports ristocetin-induced agglutination of 
washed normal platelets 
6. Characteristics 
Usually inherited as autosomal! dominant 
Responsible for platelet adhesion 


elets 
* Responsible for ristocetin-induced aggregation Lie a 
* Stabilizes VIII;C when bound to vWF during pi 
functions in protection of Vil from proteolytic ina¢ | 


tion or removal from the circulation _ 


Prothrombin 


Thrombin 
Conversion of prothrombin to thrombin by prothrombi- 


THROMBIN ACTION 


on 
FIBRINOGEN 
Thrombin Cleaves 


++ 


weak fibrin polymer 


FXilla 


+——— covalent bonds 


Cross-Linked Fibrin Polymer 
(Stable Fibrin Clot) 


FIGURE 25-22 Thrombin activity on fibrinogen. 


thrombin in hemostasis. The inhibition of cofactors Va and 
by protein C is enhanced by the presence of protein S 

aso i Vitamin K-dependent factor. Activated protein C is 
inhibited by other plasma proteins. The role of activated 
Cisto tum off the amplification pathway of thrombin 

lead It is also interesting to note that the reactions that 
regulated bin formation from its precursor prothrombin 
Chapter 26 fo, Part by thrombin-mediated mechanisms (see 
Ta detailed discussion of anticoagulant therapy) 


Trombin “be lated Tissue Repair 


“Sue repair humerous effects on the cells that play a role in 
Sion, there as Wound healing. Shortly after thrombin gen- 
1S increased vascular permeability and increased 
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5-7 Thrombin-Mediated Reactions in Hemostasis 


Procoagulant 

* Induces platelet activation and aggregation 

* Activates cofactor Vill to Villa 

* Converts fibrinogen to fibrin 

* Activates factor XIll to Xilla 

* Via autocatalysis converts prothrombin to thrombin 


Coagulation Inhibitor 

* Binds with antithrombin to inhibit serine proteases (Xila, Xla, 
Xa, IXa, and kallikrein) 

* Promotes endothelial cell release of t-PA 

* Binds to thrombomodulin to activate protein C (inhibits Va 
and Villa) 


Tissue Repair 
* Induces cellular chemotaxis 
* Stimulates proliferation of smooth muscle and endothelial 


cells 
——— 


adhesion of leukocytes to endothelial cells mediated by var- 
ious adhesion molecules secreted by platelets and endothe- 
lial cells. Neutrophils and monocytes undergo chemotaxis 
in response to thrombin. Thrombin mediates the release of 
a potent smooth muscle mitogen (PDGF [platelet-derived 
growth factor]) as well as stimulates the proliferation of fibro- 
blasts, smooth muscle cells, and endothelial cells, thus aiding 
in vascular repair. 


Fibrin-Lysing (Fibrinolytic) System 

The fibrin-forming and fibrin-lysing systems are intimately 
related. Activation of coagulation also activates fibrin lysis. 
Fibrinolysis, the physiological process of removing unwanted 
fibrin deposits, represents a gradual progressive enzymatic 
cleavage of fibrin to soluble fragments. These fragments 
are then removed from the circulation by the fixed macro- 
phages of the mononuclear phagocytic system. This action 
of the fibrinolytic system reestablishes blood flow in vessels 
occluded by a thrombus and facilitates the healing process 
following injury. For a detailed description of the fibrinolytic 
system refer to Chapter 28. 


The kinin system is a minor system involved in the hemostasis 
process. This system is activated by both the coagulation and 
fibrinolytic systems and is important in inflammation, vascu- 
lar permeability, and chemotaxis 

Prekallikrein (PK) and high molecular weight kinino- 
gen (HK) are additionally needed to enhance or amplify the 
contact factors involved in the intrinsic system (Fig. 25-24) 
Specifically, factor XIla in the presence of HK converts 
prekallikrein to kallikrein. Kallikrein feeds back to acceler- 
ate the conversion of factor XII to XIla, speeding up intrinsic 


system processes 
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Antithrombin (AT) and 


protein; TM = thrombomodulin. 


The activation of factor XII acts as the common link 
between many aspects of the hemostatic mechanism, includ- 
ing the fibrinolytic system, the kinin system, and the comple- 
ment system (see Chapters 27 and 28). 


Complement System 


The complement system is composed of approximately 22 
serum proteins that, working together with antibodies and 
clotting factors, play an important role as mediators of both 
immune and allergic reactions. The reactions in which com- 
plement participates take place in the blood or in other body 
fluids. The most important biological role of complement 
is the production of cell membrane lysis of antibody-coated 
fal cells. Two independent pathways of activation of the 


pathway. These are designated the classic and alternate 
ways of complement activation. 

Both the coagulation system and the fibrinolytic system are 
ted with the complement system.”’ The interrelation- 
the coagulation, complement, and fibrinolytic systems 
sed in Chapter 28. 


atory Evaluation of Hemostasis 


snosis of any hemostatic disorder is made by the sys- 
evaluation of information obtained in the history and 


FIGURE 25-23 The inhibitor pathway of coagulation. AT = antithrombin; PC = protein C; APC = activated prote 


Protein C Pathways 


/ Indicates an activation pathway 
_”. Indicates an inhibition pathway 
in C; PS = protein S; C4b-BP = C4b-bound 


physical examination, along with the appropriate labora 
testing. Diagnostically, the most valuable data from a patients 
history include: 


e Documentation of the physical appearance, site, sevens 
and frequency of bleeding episodes 

e Areliable patient and family history of ble 

e An accurate drug history 

e Other contributing or underlying illnesses 


Bleeding disorders present themselves differently, dene 


eding disoré 


ing on the causative problem. Two general rules ap 
patients with platelet disorders usually exhibit pes : 
and mucous membrane bleeding. In general, this 5 he 
a defect of primary hemostasis is present, resulting © 


: > nes atients ¥ 
formation of a defective platelet plug. Second, patiet i 


coagulation defects may develop deep spreading ey 
mas and bleeding into the joints with evident hemat . 
general, this is because a defect of secondary hemos” f 
present, resulting in the inadequate fibrin reinforce 
functionally normal platelet plug 
Alteration of any aspect of the 
may cause abnormal bleeding in a wi 
ial and acquired clinical disorders. Thes 
classified into three broad categories that can aluatio® 
tically approached by a systematic laboratory ae Jato? 
These include vascular and platelet disorders, °°" 
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FIGURE 25-24 Interrelationship of 
coagulation, fibrinolytic, kinin, and com- 
plement systems. HMW = high molecular 
weight; LMW = low molecular weight. 
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factor deficiencies or specific inhibitors, and fibrinolytic collagen. The cartridge has a small aperture, and the instru- 
disorders. ment measures the amount of time required for closure of 
Although many laboratories differ in their approach to a __ the aperture by a small platelet plug. In some instances, the 
bleeding disorder, a general profile of laboratory tests is usu- _ collagen/epinephrine cartridge is run first, and if abnormal, 
ally established. This profile can often be used as a means _ the collagen/ADP cartridge is run; however, often the labo- 
of differentiating various hemostatic problems. Laboratory _ratories run both cartridges as a platelet function screen (see 
Screening tests commonly ordered to assess hemostatic dys- Chapter 33). 
function are listed in Box 25-8 (see Chapter 33). The PT and aPTT are both variations of plasma recalcifi- 
Recent development of an automated platelet function _ cation times accelerated by the addition of a thromboplastic 
analyzer (PFA-100) has made the bleeding time obsolete. substance. The PT reagent contains thromboplastin and cal- 
S instrument allows the patient’s blood to be drawn in cium chloride that, when added to patient plasma, initiates 
Scitrated tube. The citrated blood is then run through a rapid formation of a fibrin clot. The aPTT reagent contains 
“ariridge with either ADP and collagen or epinephrine and phospholipid substitute, activator, and calcium chloride to ini- 
tiate fibrin clot formation. 
The PT test measures the factors of the extrinsic and 
common pathways of coagulation (factors VII, X, V, II. 


BE Se 


and I). Factor VII is the only factor listed that is restricted 


Common Laborat 

ory Screantng: 
Hemostatic Disorders Efe es to the extrinsic system, as factors X, V, Ll, and { are part of 

i il Baas : the common pathway (see Figs. 25-17 and 25-18). The P73 

4 . 
* Pltelet count test is ideally used to detect early vitamin K deficien 
*p blood smear examination because factor VII has the shortest hal*life the soa, 
* Prothye a unstion assay (PFA-100) lation factors and is vitamin K-dependent. fhe PT test j 
. Mbin time (PT) used in conjunction with the Intemational Normalized Ratio 
thy ted Partial thromboplastin time (aPTT) (INR) to monitor subjects on oral anticoagulant therapy 

In time (TT)« Any abnormalities of these factors, a vitamin K def LBs 

‘ | 


less often disease, or the presence of inhibitors will result in an abnor- 
—<— mally prolonged PT. 
 —_—— ee ee ee ee 
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The aPTT test measures factors of the intrinsic and com- 
mon pathways of blood coagulation (XII, Fletcher, Fitzgerald, 
XI, IX, VIII, X, V, Il, and 1). It should be noted that factors 
XII, XI, IX, VIII, Fletcher, and Fitzgerald are limited to the 
intrinsic system. Deficiencies or inhibitors of any of these fac- 
tors will result in an abnormally prolonged aPTT. Both the 
PT and aPTT tests will show prolonged results with an abnor- 
mality of the shared factors of the common pathway (X, V, II, 
and I). Typically, the aPTT will only be prolonged in fibrino- 
gen (factor I) deficiencies if the level is less than 100 mg/dL. 
A factor abnormality refers to a deficiency of that factor in 
plasma for any one of the following reasons: 


e Decreased synthesis 

e Synthesis of a dysfunctional factor molecule 

e Excessive destruction of factors through acquired 
disorders 

e Inactivation of factors through circulating inhibitors 


Neither the PT nor the aPTT screens for factor XIII activ- 
ity. The PT and aPTT assays test for the initial conversion 
of fibrinogen to fibrin. Cross-linked stabilized fibrin, which 
develops later through mediation of factor XIIla, does not 
have an affect on the PT or aPTT. Special testing to assess 
factor XIII activity must be done (see Chapter 33). 

PT and aPTT testing has been reported in a variety of ways, 
such as patient seconds and control seconds, Past reporting, 
using ratios for PT testing and percentage, has largely been 
abolished. The International Normalized Ratio (INR) is the 
method of choice for PT reporting, because it adjusts for 
source-related thromboplastin sensitivity differences and test- 
ing methodology through use of a mathematical exponent, 
the International Sensitivity Index (ISI).** The ISI is unique 
to each batch of thromboplastin/instrumentation combination 
and is furnished by the manufacturer, 

Numerous articles state the method for reporting INR val- 
ues. INR standardizes PT reporting worldwide by adjusting all 
reported values to a World Health Organization international 
reference thromboplastin standard. Therefore, all PT results 
reported by INR methodology are theoretically comparable. 
Using the INR values facilitates optimal oral anticoagulant 
therapy in patients at risk for thrombosis, especially those on 
warfarin who travel extensively, and requires frequent mon- 
itoring. Thromboplastins with a low ISI (less than 1.2) cor- 
relate better to recombinant thromboplastin, which replaced 


SUMMARY CHART 


* 


human-brain thromboplastin for standardizin 
the World Health Organization.’ 

However, PT and aPTT are poor predictors of by 
during invasive procedures. Thromboelastograph dg 
measures global hemostasis and fibrinolytic ica (TEG) 
includes interaction of primary and secondary ian 
sis. TEG has the capability to assess platelet Po 
strength, fibrinolysis, and heparin-associated anticoagusa, 
with a quick turnaround time. TEG is being used to Predict 
need for blood products and certain medications jn oa thy 
who are bleeding.” eas 

The thrombin time is a measure of the ability Of throm. 
bin to convert fibrinogen to fibrin and is Particularly use 
in the evaluation of circulating anticoagulants (Pathologic 
inhibitors). The thrombin time is prolonged in the follow 
conditions: 


g INR Values is 


m 


Hypofibrinogenemia and dysfibrinogenemia 
Treatment with heparin 

Circulating FDPs 

Pathological circulating inhibitors 


Additional laboratory testing is designed to narrow dow 
the abnormality to one of these specific areas. As a result, ab- 
oratory testing can be divided into categories: 


e Screening tests for vascular or platelet dysfunction (such 
as PFA-100, platelet aggregation using platelet-rich 
plasma or whole blood, and PF3 assay) 

¢ Tests for coagulation (such as factor assays) 

e Special tests (e.g., for fibrinolytic disorders, tests for 
determination of FDPs, D-dimers, plasminogen, t-PA, 
or ELISA assays for detection of fibrin monomers). 


The reader may refer to subsequent chapters for? 
detailed discussion of vascular and platelet-related dis0® 
ders (see Chapter 26), plasma clotting factor defects (* 
Chapter 27), interaction of systems involved in hemostass 
(see Chapter 28), thrombosis and anticoagulant therapy (se 
Chapter 29), and laboratory methods (see Chapter 33) 


——— anil 


CRITICAL THINKING QU? 
25-2 Why don't laboratories routinely run the full menu of 
hemostatic analysis on all patients? 


¢ Hemostasis is the complex process by which the body 
spontaneously stops bleeding and maintains blood in 
the fluid state within the vascular compartment, 


e The vascular system, platelets, coagulation factors, 
and the fibrinolytic systems all play a major role in 
hemostasis. The kinin system and protease inhibitors 
play a minor, yet critical, role in hemostasis, 


¢ Hemostasis can be divided into two st pes: Cie 
and secondary. Primary hemostasis is defined “de . 
let adhesion to exposed collagen within the COT es 
um of the vessel wall, Secondary hemostas!s a % 
the enzymatic activation of the coagulation See 
produce fibrin from fibrinogen, thereby stabiliz 

fragile clot formed during primary hemostas!> 


—_— 


RY CHART—cont’d 


The principal mechanism of platelet adhesion involves 
. 1) plasma, (2) collagen fibers, and (3) platelet mem- 
brane glycoprotein GP Ib/IX/V (the receptor for von 
willebrand factor [VWF]). 
platelets measure roughly 2 to 4 jm in diameter, 
Normal platelet count ranges from 150,000 to 
450,000 cells/pL. Platelets participate in hemostasis 
by (1) providing a negatively charged phospholipid 
surface for factor X and prothrombin activation; 
(2) release of substances that mediate vasoconstriction, 
platelet aggregation, coagulation (thrombin genera- 
tion), and yascular repair; and (3) providing surface 
membrane glycoproteins to attach to other platelets via 
fibrinogen. 
Platelets have different and distinct zones, each with 
different components contributing either to their 
hemostatic function or their production of energy. 
The initial stage of platelet activation is as follows: 
platelets form pseudopods, organelles including 
granules and dense bodies are reorganized to the 
center, and contraction causes the granules to spill 
their contents into the open canalicular system (OCS). 
Platelet adhesion involves three components: 
(1) vWF, (2) glycoprotein Ib/IX/V (GP Ib/IX/V), 
and (3) collagen fibers. 
Platelet aggregation (platelet-to-platelet interaction) is 
an energy-dependent process that requires adenosine 
triphosphate (ATP), primarily derived from glycolysis, 
and involves the glycoprotein complex GP IIb/ Illa and 
fibrinogen. 
* Four platelet-specific proteins secreted from the a 
granules are currently used as “markers of platelet 


e 


CASE STUDY 25-1 


ear-old boy was brought to the emergency department 

Parents. The boy had fallen o!f the monkey bars in a 
dhit his thigh against one of “ve bars during the fall. 
became swollen and painful. There was a history 
Ging in the male family members. They had been 
48 “bleeders” in their family history. Coagulation 
Were performed that showed « ncrmal PT, prolonged 
al platelet count, and norma! PFA-100. 


= On the normal! PT and abnormal aP TT, which 
atic pathway is affected in this patient? 

sare the factors within the affected path ay? 

r analysis revealed that there is a low concentra- 
t VIII. What condition does this indicate? 
© Patient’s history support this diagnosis? 
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activation.” These include 8-thromboglobulin, platelet 
factor 4, thrombospondin, and PDGF. 


Coagulation factors may be divided into three catego- 
ries: substrate, cofactors, and enzymes. On the basis 
of physical properties, coagulation proteins may be 
divided into three groups: contact proteins, prothrom- 
bin proteins, and fibrinogen or thrombin-sensitive 
proteins. 

During thrombus formation, thrombin, plasminogen, 
tissue plasminogen activator, and antiplasmin are 
incorporated into the clot. 

Coagulation factors are designated by Roman numer- 
als. Activation of a particular factor is designated by a 
lower case “a.”” 

Blood coagulation leading to fibrin formation can be 
separated into three pathways: extrinsic, intrinsic, and 
the common pathway. 

Fibrinolysis is the physiological process of removing 
unwanted fibrin deposits. 

The kinin system, important in inflammation, vascular 
permeability, and chemotaxis, is activated by both the 
coagulation and fibrinolytic systems. 

A patient’s history should include (1) physical 
appearance, site, severity, and frequency of bleeding 
episodes; (2) patient and family history; (3) drug 
history; and (4) contributing or underlying illnesses. 
Thrombin time may be prolonged because of hypo- 
fibrinogenemia and dysfibrinogenemia, treatment 

with heparin, circulating fibrin degradation products 
(FDPs), and pathological circulating inhibitors. 


ANSWERS 


1 


& Ww to 


The abnormal aPTT indicates an issue with at least one 
of the factors within the intrinsic system. 


. VIII, IX, XI, and Xi 
. Hemophilia A 
. Yes, bleeding issues with hemophilia A include deep 


tissue bleeding and “bleeding issues” throughout lite 
Additionally, hemophilia A is an X-linked, 
disorder passed from the mother, who is the carrier 

to her male children. Because of inheritance patterns, 
male children have a 25% chance of being affeeted, 
while female children will be carriers if they inherit the 
affected gene. 


TEcessive 
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REVIEW QUESTIONS 


1. Which of the following is a minor system of hemostasis? 
a. Vascular system 

b. Kinin system 

c, Coagulation 

d. Platelets 


2. The formation of fibrin strands to stabilize the platelet 
plug is the end product of which of the following? 
a. Fibrinolytic system 
b. Primary hemostasis 
c. Kinin system 
d. Secondary hemostasis 


3. Which of the following range represents a normal 
platelet concentration? 
a. 100,000—200,000/uL 
b. 50,000—150,000/uL 
c. 150,000-450,000/uL 
d. 350,000—550,000/uL 


4. Which of the following represents a normal platelet life 
span? 
a. 1-2 days 
b. 7-10 days 
c. 24-35 days 
d. 90-120 days 


5. Which statement accurately describes how platelets 

participate in hemostasis? 

a. Platelets provide a positively charged surface for 
factor activation. 

b. Platelets release granular substrates to promote 
vasodilation. 

c. Platelets provide surface glycoproteins for 
attachment to fibrinogen, collagen, and vWF. 

d. Platelets provide vitamin K for coagulation. 


_ 6. Which of the following structural zones of a platelet 
plays a functional role in platelet activation? 

a. Glycoproteins in the peripheral zone 

___ b. Lysosomes in the organelle zone 

__¢. Alpha and dense granules in the organelle zone 

_ d. Dense tubular system in organelle zone 


7. Shape change of a platelet and subsequent spilling of 
_ granular contents describes which of the following? 
‘a. Platelet activation 

_ b, Platelet aggregation 

‘¢. Platelet adhesion 

d. Platelet plug stabilization 


he linking of a platelet to collagen through 

Ib/IX/V and vWF describes which of the 
wing? 

Platelet activation 

b. Platelet aggregation 

¢, Platelet adhesion 

“d. Platelet plug stabilization 


9. 


10. 


11. 


12. 


13. 


14. 


15, 


16. 


17 


The linking of a platelet to another plate] 
GP IIb/IIIa and fibrinogen describes whi 
following? 

a. Platelet activation 

b. Platelet aggregation 

c. Platelet adhesion 

d. Platelet plug stabilization 


et throuoy 
ch of the 


Which bleeding symptom would most likely be s 
in a dysfunction of secondary hemostasis? on 
a. Hemarthrosis 

b. Petechiae 

c. Ecchymosis 

d. Mucosal bleeding 


Where are all coagulation factors produced in the 
body? 

a. Bone marrow 

b. Thymus 

c. Spleen 

d. Liver 


Which factor is part of the contact protein group? 
a. Factor Il 

b. Factor V 

c. Factor XII 

d. Factor IX 


Which factor is part of the prothrombin group? 
a. Factor Il 

b. Factor V 

c. Factor XI 

d. Factor XII 


Which factor is part of the fibrinogen group? 
a. Factor Il 

b. Factor V 

c. Factor XI 

d. Factor XII 


What initiates the extrinsic pathway? 

a. Release of tissue factor from injured vessel wall 
b. Contact factors acti 
c. Activation of factor X 
d. Fibrinogen transform 


won 
sion into fibrin 


What is thrombin’s role in the common pathway” 

a. Binding to platelet membrane receptors 

b. Amplification of factors V 

c. Positive feedback to amplify formatio 
from prothrombin 

d. Promoting secretion of serotonin 


n of thrombi? 


; sbrin cot 
Which enzyme is responsible for lysis of the fibr 


a. Fibrinogen 
b. Thrombin 
c, Plasmin 
d. Collagen 


—_ 


=yieW QUESTIONS—cont‘d 


a6 a prothrombin group 
4 Fibrinogen group 
i. Thrombin group 
d. Contact activation group 


which analysis? 
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Primary Purpura 
Secondary Purpura 


Quantitative Platelet Disorders: 


Thrombocytosis 


LEARNING OBJECTIVES 

Atthe end of this chapter the learner should be able to: 

26-1 Describe the laboratory tests that may be utilized in 
the evaluation of quantitative and qualitative platelet 


disorders. 

Describe the pathophysiologic processes that cause 
thrombocytopenia and their associated disorders. 
Define immune-mediated thrombocytopenia (ITP). 
Name conditions that are associated with auto- 
immune and alloimmune thrombocytopenia. 
Compare ITP and thrombotic thrombocytopenic 
purpura (TTP). 

Contrast thrombotic thrombocytopenic purpura 
(TTP) and hemolytic uremic syndrome (HUS). 


26-2 


fe of primary hemostasis include abnormalities that 
Clinically result in bleeding. This is due to defects in the 
formation of an adequate platelet plug on an injured blood 
Nessel wall. A platelet plug may not form adequately because 
of quantitative abnormalities (abnormal platelet concentra- 
wns), Qualitative platelet disorders (abnormalities in platelet 
“ction), or abnormalities of the blood vessel wall. These 
rders can be inherited or acquired. Patients typically 
isin rently clinically depending on whether their plate 
_ --t 18 Caused by an inherited or acquired disorder 
Seated Primary hemostatic disorders, the patic i 
ing or isto ty of childhood bleeding, such as gingival bleed- 
acquired dis ry of easy or spontaneous bruising. In contrast, 
hood bleedin usually will not have a history of child- 
8 and present with signs of bleeding beginning in 


— 


usu- 


Indicate the laboratory studies used for diagnosis of 


26-7 
storage pool and platelet release defects. 

26-8 Differentiate between reactive and primary throm- 
bocytosis, including expected hemostatic problems 
for each. 

26-9 Compare and contrast Bernard-Soulier syndrome 
from Glanzmann’s thrombasthenia. 

26-10 Differentiate among von Willebrand disease, 
Bernard-Soulier syndrome, and hemophilia A, 
including laboratory tests and results utilized to 
diagnose each. 

26-11 Identify inherited and acquired vascular defect 


disorders. 


adulthood. It is always important to rule out a history of drugs 
or other underlying diseases, which may cause the bleeding 
episode. This is where laboratory evaluation can prove invalu- 
able for patient diagnosis 

Regardless of the disorder at the cause, primary hemosta- 
sis abnormalities typically result in clinical manifestations 
limited to skin, such as ecchymosis (petechiae or purpura) 
or mucosal bleeding, which can include epistaxis, gingival 
bleeding, gastrointestinal bleeding, menorrhagia, or hematu- 
ria. Spontaneous hemarthrosis and hematomas of deep struc 
secondary hemostasi 


rally 


defects (see Chapter ) 


tures are typical features of defects ix 


(coagulation protein deficiency states), and u > not 


seen in platelet disor Jers or vascular 
The diagnosis of any hetnostatic disorder is made bythe 


systematic evaluation of information obtained in the history 
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and physical examination, along with the appropriate labora- 
tory testing. Bleeding disorders present differently, depending 
On the hemostatic defect causing the disorder. It is important 
to establish whether bleeding in an individual is due to a local 
blood vessel injury or caused by a systemic hemostatic defect, 
especially in the bleeding surgical patient. 

To understand platelet quantitative and qualitative disor- 
ders, it is important to review the normal pees physiology 
and function, which is provided in Chapter 25. This chapter 
Teviews the etiology, pathophysiology, clinical manifestations, 
and laboratory tests used to identify the various quantitative 
and qualitative platelet disorders as well as the numerous 
vascular disorders. 


Laboratory Evaluation of Disorders 
of Primary Hemostasis 


Although many laboratories differ in their approach to bleed- 
ing disorders, a general profile of laboratory tests is usually 
established. This profile can often be used as a means of clas- 
sifying bleeding disorders, as shown in Table 26-1. The lab- 
‘Oratory tests that aid in the evaluation of disorders of primary 
hemostasis are listed in Box 26-1. 

_ The automated platelet count is one of the most important 
initial tests to evaluate a bleeding tendency because acquired 
Quantitative platelet disorders are the most common disorders 
_ of pnmary hemostasis. Visual inspection of the peripheral 
Smear can be used to confirm the automated platelet count 
and reveal platelet morphology. The peripheral smear should 
be carefully inspected for evidence of large or dysplastic 
_ platelets. Direct inspection should also assess for platelet sat- 
ellitism or platelet clumping, which may cause a falsely low 
automated platelet count and is termed pseudothrombocyto- 
penia. When pseudothrombocytopenia is suspected, a “true” 
count can often be obtained by performing an 
‘ platelet count in alternative anticoagulants such as 
parin or platelet estimate from the peripheral blood 


y ary laboratory evaluations and i inappro- 

‘3 Iti is usually a result of ethylene diamine 
‘A)-dependent cold agglutinins.'* These 
shown to be IgG antibodies that are 


time: APTT = activated partial throm- 


BOX 26-1 Laboratory Tests to Asses 


, $ Di 
of Primary Hemostasis ‘Sorders 


Platelet count 
Peripheral blood smear 
PFA-100 
Von Willebrand studies 
* FVILC 
* vWF antigen 
* WF activity 
Platelet antibody testing 
Flow cytometry 
+ Platelet glycoprotein analysis 
* Platelet-associated IgG 
Platelet aggregation studies 
Lumiaggregometry 
Bone marrow aspiration and biopsy 


FVII:C = factor VIll:C; WF = von Willebrand factor; PFA 
analyzer. 


tT nee | 


= platelet functigy 


EDTA-dependent and bind to the platelet membrane o} 
protein IIb/I1a complex. 

The bleeding time has been utilized in the past as ang 
vivo screening test to evaluate bleeding caused by plate. 
let and vascular disorders by several methods. Howeve 
despite attempts to standardize the performance of this tes, 
the bleeding time is not reliable for diagnosis of a prim 
hemostatic defect or predictive of bleeding risk in ind- 
viduals.’ Newer in vitro automated testing methods hae 
replaced this test in clinical practice. The automated platelet 
function analyzer (PFA-100) has largely made the bleeding 
time obsolete because of its greater precision, accuracy, am 
reliability.* As this is an in vitro test, it does not assess lt 
abnormalities of blood vessels in primary hemostasis. 4 
sample of the patient’s blood is drawn into a citrated! tube 
and the citrated blood is then run through a cartridge W#® 
either ADP and collagen or epinephrine and collages Te 
cartridge has a small aperture, and the instrument mess 


glyco 


: , tue 

the amount of time required for closure of the ic a 

. avs e collage 

by a small platelet plug sme instances, the ce i 
epinephrine cartridge is run first, and if abnorma 


often laboraton® 


However, F 
; oth US 


et function screed. Bo oA 
imes are prolonged in an 
inherited qualitative P 


mdxy” 
telet disorders (thon 0 
than 100,000%° 
n showa 10m 


collagen/ADP cartridge is run 
run both cartridges as a plat¢ 
ADP and epinephrine closure 
with von Willebrand disease 
disorders, and quantitative pla 
topenia when the platelet count 


t is less 


Aspirin and other platelet inhibitors have bee + is 
S. 
variable effects on the PFA-100 closure times, Ot 
») and increased ery a 


lower hematocrits (<35° 
mentation rates will also affect the 
usually prolonging them 
Because von Willebrand d 
thesis of platelet disorders, assays t0 &X° net aah 
an integral part of the evaluation. TO determi ville eo 
or absence of von Willebrand disease, factor 


— 


PFA- 100 closure U 


sedis e 
mics the DIee®. 5 


isease M1 - 
lude this at nos! ’ 


- Willebrand antigen (VWF:Ag), von Willebrand 
ivi) ristocetin-induced platelet aggregation, and von 
sctivitY 4 multimers must be assayed together. Further dis- 
will af these tests is provided later in this chapter in the 
ee yon Willebrand disease. 
es antibody testing determines the amount of immu- 
Fala G (IgG) bound on the platelet surface by various 
s ological methodologies. Flow cytometry can be used 
ee platelet-bound IgG and platelet surface glycopro- 
tom Increased amounts of platelet-associated IgG are often 
teins. 3 immune-mediated thrombocytopenias, but this find- 
< usually not specific enough to establish a diagnosis of 
une origit except im rare instances such as heparin- 
thrombocytopenia. 
Jet aggregation by light transmission aggregometry 
platelet function by measuring the response of the 
sce to various stimuli such as epinephrine, adenosine 
hate (ADP), collagen, thrombin, and ristocetin, The 
for performing platelet aggregation is described in 
33. Abnormalities of the platelet surface and release 
defects can be identified with this test. 


ing i 
an imm! 


| 


d disorders such as hepatic or renal disease can 
with platelet function and make interpretation of 
difficult. Lumiaggregation, which measures ATP 
from platelet dense granules in concert with aggre- 
‘ luminescence from a firefly luciferase reaction 
it on the presence of ATP, can be useful to specif- 
asure platelet release. Platelet function disorders 
challenging for diagnostic laboratories to evaluate 

limitations influencing which tests to pro- 
wer automated methodologies to measure platelet 
global hemostasis include thromboelastogra- 
and rotational thromboelastography (ROTEM). 
may be performed as point-of-care test during 
aid in identification of primary and secondary 
abnormalities and guide administration of cor- 
rapies. The “Verify Now” aspirin assay system 

used to measure platelet responsiveness to aspirin, 
ue Verify Now system may be used to measure ADP 
ade by P2Y12 platelet inhibitors (clopido- 
relor, and prasugrel).° 


Sermining th aspiration and biopsy may be useful in 

hy © etiology of quantitative platelet disorders. 

oe: HTOW specimen can assess for adequacy of mega- 

eSse6 » Overall cellularity, and to identify infiltrative pro- 

Aheoss. (Ree myelodysplastic syndromes and malignancy or 
: fer to Chapter 20.) 


Wantitative Platelet Disc: 
hr Mbocytopenia 


tbe present in adequate numbers to maintain nor- 
* Platelet production remains relativ ely constant 
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for an individual over time. The body senses the total platelet 
mass, related both to number and mean volume of platelets, and 
regulates this tightly. Thrombopoietin (TPO), a growth fac- 
tor produced by the liver and to a lesser degree by the spleen, 
's responsible for this regulation. When the platelet mass is nor- 
mal, TPO is cleared from plasma by TPO receptors on plate- 
lets and megakaryocytes. With thrombocytopenia, the overall 
clearance is low and the plasma concentration of TPO increases 
to boost megakaryocyte and platelet production. The average 
Platelet count ranges from 150 to 400 X 10°/L of whole blood. 
Thrombocytopenia is defined as a platelet count under the 
lower limit of normal, although clinical signs and symptoms of 
thrombocytopenia typically are not manifested until the plate- 
let count falls below 100  10°/L and, commonly, not until the 
platelet count falls below 50 X 10°/L. Overt spontaneous hemor- 

thage is not usually seen until the platelet count falls to less than 

20 X 10°/L. Platelet counts less than 10,000 may result in 

life-threatening hemorrhage and may require emergency platelet 

transfusions or other treatments. Quantitative platelet disorders 

are the most commonly encountered group of platelet abnormali- 

ties and can be simply divided into two categories, thrombocyto- 

penia and thrombocytosis. Thrombocytopenia results from three 

distinct mechanisms: deficient platelet production, abnormal 

platelet distribution (splenic sequestration), and increased platelet 

destruction (Table 26-2). Qualitative platelet defects may coexist 

with quantitative platelet defects to increase bleeding risk. 


renee eeeeeneeenereeerreenenennesnmnemeenes 
CRITICAL THINKING QUESTION 
26-1 Why do quantitative platelet disorders place an individ- 
ual at risk for bleeding issues? 
See answers to all Critical Thinking Questions at the back 
of this book. 


Deficient Platelet Production 

Impaired platelet production resulting in thrombocytopenia may 
be caused by many disorders. These disorders produce mega- 
karyocytic hypoplasia often with erythroid and granulocytic 
hypoplasia, resulting in pancytopenia. These platelet disorders 
can occur spontaneously (aplastic anemia) or as a result of injury 
to the bone marrow (radiation or chemotherapy). Replacement 
of marrow hematopoietic tissue from infiltrative processes such 
as myelofibrosis, leukemia, Hodgkin’s and non-Hodgkin's lym- 
phoma, and metastatic cancer result in pancytopenia (anemia. 
thrombocytopenia, and leukopenia). The blood smear is char- 
acterized by nucleated red blood cells, te urdrop-shaped cells 
(dacrocytes), and immature granulocytes. These charac teris- 
tic findings on the peripheral smear are often referrec to as a 


myelophthisic picture and should make one high! suspicious 
of an infiltrative process within the bone marrow. Bone marrow 
aspiration and biopsy are indicated to confirm a diaenosis of 
marrow aplasia or infiltration when these findings are oresent 


Thrombocytopenia Due te Ine 


Ineffective hematopoiesis is associated with norma 
increased marrow cellularity but penpheral blood cvtens nia 
Megaloblastic anemia associated with vitamin R.. folic acid 


deficiency is commonly associated with thrombooyic enia as 
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Deficient Platelet Production Myelophthisic (marrow infiltrative 


processes) 


Aplasia 


« Leukemia 
« Lymphoma 

+ Multiple myeloma 

« Metastatic carcinoma 
* Myelofibrosis 


+ Aplastic anemia (Fanconi’s anemia) 
+ Amegakaryocytic thrombocytopenia 
+ Drug effect (chemotherapy) 

« Radiation therapy 


Ineffective erythropoiesis 


+ Pernicious anemia (vitamin B., deficiency) 
* Folic acid deficiency 

¢ Alcohol ingestion 

* Myelodysplasia 

+ Paroxysmal nocturnal hemoglobinuria 


Congenital disorders 


« May-Hegglin syndrome 
¢ Thrombocytopenia with absent radii (TAR) syndrome 
* Bernard—Soulier syndrome 


Abnormal Platelet Distribution 


¢ Hemangiomas (Kasabach—Merritt syndrome) 


Increased Platelet Destruction Immune (primary) 


Idiopathic thrombocytopenic purpura (ITP) meray 
¢ Post-transfusion purpura } 
¢ Neonatal isoimmune purpura 

¢ Drug-induced thrombocytopenia 

* Vaccine-induced thrombocytopenia | 
* Heparin-induced thrombocytopenia and thrombosis 


Immune (secondary) 


* Lymphoproliferative disorders 
+ Systemic lupus erythematosus/collagen vascular disorders | 
* Viral infection (mononucleosis, measles, HIV) 


Microangiopathic thrombocytopenia 


* Thrombotic thrombocytopenic purpura (TTP) 
* Hemolytic uremic syndrome (HUS) 
¢ Disseminated intravascular coagulation (DIC) 


HIV = human immunodeficiency virus; HELLP = hemolysis elevated liver enzymes and low platelet count. 


a result of impaired DNA synthesis. Serum lactate dehydroge- 
nase (LD) levels are elevated as a result of intramedullary death 
of hematopoietic progenitors. Thrombocytopenia is generally 
mild. Platelet life span has been reported as being normal to only 
slightly decreased. Myelodysplastic syndromes may simulate 
vitamin deficiencies but do not respond to vitamin replacement. 
Chromosomal abnormalities are often present. Paroxysmal noc- 
turnal hemoglobinuria, a rare disorder with increased cellular 
sensitivity to complement, is also associated with cytopenias 
resulting from intramedullary cellular destruction. These disor- 
ders are discussed in detail in Chapters 8, 13, and 20. 

Alcohol has a direct toxic effect on the marrow, thereby 
producing thrombocytopenia in the absence of a folic acid or 
vitamin B,, deficiency. Mild thrombocytopenia and acquired 
platelet function defects appear to improve after the use of 
alcohol is stopped. 


Pregnancy-associated thrombocytopenia» Gestational thrombocytopenia 


¢ Preeclampsia—eclampsia and HELLP syndrome 


Congenital Thrombocytopenia 

A number of inherited disorders produce thrombocytopem# 
however, all are rare.’ Patients with thrombocytopenia wil 
absent radius (TAR) syndrome have absent radii in addin 
to the thrombocytopenia. Eczema and immunodeficien:) * 
associated with Wiskott—Aldrich syndrome, an X-linked d 
order only occurring in males exhibiting very small plas 
Bernard—Soulier syndrome and May—Hegglin anomaly e 
abnormally large platelets but do not have associated ang 
skeletal defects, However, individuals with MayHe2 
anomaly may develop hearing and kidney problems. pe 
thrombocytopenia mimics immune thrombocytopen* © | 
pura clinically but affects other family members, ea | 
immune thrombocytopenic purpura. Several ciffer ee 
mutations have been discovered to cause familial aie 
cytopenia. Some of these disorders also exhibit aq" 


. a 


jon and are discussed und, 
¢ function ie : er qual- 
es Jater in this chapter. A list of the more 
“te 1 disorders and their associated abnormal;- 
ita’ 


in qable 26-3. 


telets 
: ution of Pla : 
distri” pools approximately one-third of the 


the eA py the marrow. When the spleen enlarges, 


in plate 


be sequestered within, leading to throm- 

conditions, including liver cirthosis, 

Pe icles, and portal vein thrombosis, can 

Typically, the platelet count remains 

QL in patients with hypersplenism, 

me, a rare disorder, results in platelet 
emangiomas. 


even giant 
: truction of Platelets 
Bea ted Thrombocytopenias 
aE thrombocytopenias all have an immune- 
oup anism by which there is increased platelet 
Gen can be primary (idiopathic) or secondary to 
on tha ease (see Table 26-2). 
smbocytopenic Purpura 
pmbocytopenic purpura (TP) is one of the 
, disorders causing severe isolated thrombo- 
tis caused by an autoantibody to the patient’s 
“There is not a specific test that readily confirms the 
) of ITP, so it is typically a diagnosis of exclusion.® 
“scent in children and adults; however, there are 
{differences between the two groups when compar- 
sno-term prognosis (Table 26~4). 


th 


Congenital Disorders Associated With 
sed Platelet Production 


sodatedAbnormalities = 


Giant platelets 

Thrombocytopenia 
Deafness 
Nephritis 


Partial oculocutaneous albinism 
Increased susceptibility to pyogenic infections 
Storage pool defect of dense granules 


Platelet deficiency of nonmetabolic ADP 
Oculocutaneous albinisrn 


Thrombocytopenia 
Giant platelets 
D6hle bodies 


Multiple skeletal and cardiac abnormalities 
Storage poo! defect 


Disorders of dense granules 

Recurrent pyogenic infections 
ma 

Thrombocytopenia 


6 Disorders of Primary Hemost 
lasis: 
Quantatve snd Quattative Platelet Onorders and vascular Owsrdurs = ‘ST 


Child 
Previous infection Yes 
; Usually =20,000 


No 
Usually 30-$0,000 


Abrupt 
Transient 


thrombocytopenia 
Spontaneous remission Yes 


Childhood ITP Young children may present with an immune 
thrombocytopenia that typically develops acutely with a 
1- to 2-week duration, usually with bruising or petechiae.” It 
may develop following a viral infection but often there is no 
clear cause. Serious bleeding is uncommon. Most children 
Present with initial platelet counts of less than 20 * 10°/L. 
Bone marrow aspiration and biopsy is often performed to 
exclude the diagnosis of acute leukemia. This disorder is 
usually self-limited, lasting about 6 to 8 weeks. Spontaneous 
remissions, with or without therapy, occur in the majority of 
these patients. However, immunoglobulin G, anti-D immu- 
noglobulin, and corticosteroids may be used to decrease the 
period of thrombocytopenia and stop bleeding. A minority of 
children with a more chronic form are treated like the more 
common adult form of ITP. Splenectomy is usually avoided 
because of the infectious complications of splenectomy in 
young children. 


Adult ITP In adults, ITP commonly presents in the 20- to 
50-year-old group as a chronic disease process.'” Occasionally, 
patients will have an acute immune thrombocytopenia after 
a viral illness, vaccinations, or exposure to drugs, but this is 
uncommon. In most cases of adult immune thrombocytope- 
nia, there is usually not a recent history of drug exposure or 
infectious illness that can be related to the onset of thrombo- 
cytopenia. Platelet counts are typically less than 30 * 10°/L in 
patients who present with bleeding manifestations. Clinically, 
patients present with mucosal bleeding typical of a primary 
hemostatic defect, such as menorrhagia, epistaxis, easy bruis- 
ability, or petechiae (Figs. 26-1 and 26-2). Some patients are 
diagnosed while still asymptomatic based on a low platelet 
count on a routine complete blood count obtained for other rea- 
sons. These patients usually have a platelet count greater than 
50 X 10°/L. Adult ITP does not usually remit spontaneously. 


Common Clinical Findings 

The bone marrow in adult ITP is characterized by increased 
or normal numbers of megakaryocytes (Fig. 26-3). Platelet 
life span is shortened and circulating platelets are morpho- 
logically large on the smear, reflecting the early release from 
the marrow in response to the peripheral destruction. There 
are also changes in the splenic microcirculation that cause a 
reduction of platelet transit time in the spleen and increased 
destruction of the antibody-coated platelets. There may 
also be diminished platelet production that limits the marrow 
compensatory response to the platelet destruction 
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Because ITP is a diagnosis 9 
thrombocytopenia must be cons 
Drugs that may cause thromboc 
consideration given to a bone m 


exclude a primary bone marro 
are present. 
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Laboratory Testing and Results 
Because ITP is a diagnosis of exe 
itive confirmatory tests for this 
less than 100,000/UI, and large pl 
peripheral blood smear. Testing 
immunodeficiency virus (HIV) is 
these viral infections can mimic 
antiviral treatments available to contro Ae spe, 
Re ee Oral cavity of a patient with idiopathic thrombocytopenic platelet antibody tests, which measure G oe r 
pura (ITP), let surface, have been used to confirm the den 10 the Da 


however, these tests are not specific and are Not OSis of Mn 
fi ‘ e ; 
for diagnosis. commen, 
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for hepatitis C © Sey 
generally re tine hens 
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Treatment 
A decision to initiate treatment is base 
bleeding symptoms. Treatment is recommended me ay 
platelet count is less than 30,000/U1: h 
variability in bleeding risk in different individu 
potential for adverse effects of therapy, some Datieny th 
platelet threshold may be closely Monitored without ae 
treatment. Patients with ITP are Initially treated with ity 
costeroids to rapidly increase the platelet count and aa 
hemostasis. Corticosteroids are thought to reduce autoantys 
production and to suppress splenic sequestration of Moder 
sensitized platelets, thereby increasing the platelet life sad 
ameliorating the thrombocytopenia. Choices for corticosin 
therapy include a short course of high-dose daily prednisye 
for up to 6 weeks, or a 4-day course of high-dose dexamet 
sone, which might need to be repeated to achieve a tespong 
Approximately 70% to 90% of patients initially Tespvad 
a favorably to steroids. However, Sustained responses 
ower extremities in a patient usually seen in only about 25%. If a patient is intolerant ¢ 
corticosteroids or does not achieve a Satisfactory respons 
intravenous immunoglobulin G may be used acutely 
| 
| 
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FIGURE 26-2 Petechial bleeding of the! 
with ITP. 


increase the platelet count and stop bleeding. Most patie 
also usually respond to intravenous immunoglobulin G. Th 
response is usually transient and must be repeated to sustains 
remission. There does not appear to be a more rapid increas 
of the platelet count with both of these agents compared wi 
either alone. Anti-D immunoglobulin can be used in se 
individuals with ITP who are Rh-positive. Its mechanism 
action is probably similar to that of immunoglobulin 6, 


it has the benefits of be ing a short infusion over 5 matt 
and not requiring the fluid volume necessary to afi 
immunoglobulin G. Theve is often a mild hemolyss 7 
blood cells associated with the administration of anti-D et 
ulin; therefore, the dosage should be adjusted accu 
the hemoglobin level at the time of treatment. The “| 
response with any of these initial treatments varies veal | 
i . individual, although most responses are seen icone A 

= 962 he aspirate. Note the increased number of two of initiation of therapy. Thrombocytopenia a 

att cellularity (M/E 3:1). curs when these treatments are stopped. 
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for the autoantibody production and the 
pons oderately sensitized platelets, However, 
tio” to) 4 line therapy has largely been supplanted 
ns gece sive treatments which are usually consid- 
> or 1058 
ther antiCD 20 monoclonal antibody, has 
treatment for individuals refractory to pri- 
as it does not have the surgical and infectious 
Beoniy. Thrombopoietin (TPO) mimetics are 
ond line treatments after demonstrating effi- 
ized clinical trials in this setting. Romiplostim 
randy eekly as a subcutaneous injection. Eltrom- 
 rombopag are administered orally daily. The 
aval these therapies is usually based on patient pref- 
Bc factors. In patients who are actively bleed- 
: trinol tic agents such as epsilon (e)-aminocaproic 
CA) oF tranexamic acid can be used to help control 
| (EA ti] the platelet count can be corrected. These agents 
oding an either before or after splenectomy and are most 
f i tes of high fibrinolytic activity (i.e., urinary tract, 
ed mouth). Platelet transfusions are often not effective 
Y transfused platelets are usually rapidly destroyed; 
jn some patients a platelet response can occur and 


ag might improve." 


jst 


ximab can be used for initial therapy in combination 

orticosteroids and immunomodulatory agents, such as 
A, to try to achieve better, longer lasting initial 
Many other agents have been utilized in patients 
t respond to splenectomy or who relapse after 
y or rituximab. Unfortunately, the studies of 
‘these treatments have involved relatively small 
patients. Some of the agents that have been 


tic agents such as vincristine, cyclophospha- 
mbination chemotherapy; and immunosuppres- 
Such as azathioprine, mycophenolate mofetil, 
ne A. The next most effective agent when there 
lure of response to splenectomy, Rituximab or 
ic, has not been clearly defined. The decision 
h treatment modality to uti/ize varies according 
hg physician. 


sion Purpura (PTP) 
phen aden onset of thrombocytopenia occurs within 
). The fusion of blood products containing platelets” 


Cled ag Majority of cases are a result of an alloanti- 
The pyi tthe platelet antigen P1*’, also referred to as 


antigen is found in approximately 97% of the 


FIGURE 26-4 Post-transfusion purpura (PTP) 


normal population; the 3% of people who lack the PI“! (HPA- la) 
antigen on their platelets are considered at risk for developing 
PTP. It is believed that post-transfusion purpura (PTP) results 
from an anamnestic immune response from prior exposure to the 
antigen. Most reported cases have been in middle-aged women 
who have had children. It is believed that primary immuniza~ 
tion occurs during pregnancy, when PI*'-positive fetal platelets 
sensitize a PI‘!-negative mother (see the following discussion 
of isoimmune neonatal thrombocytopenia). Three mechanisms 
to explain this phenomenon have been proposed: |) immune 
complexes of anti-HPA-1a and transfused soluble HPA-la bind 
to autologous platelets, leading to immune clearance; 2) trans- 
fused soluble HPA-1a binds to autologous platelets and leads to 
clearance by HPA-1a antibodies; and 3) HPA-1a autoantibodies 
are generated along with the HPA-1a alloantibodies and all are 
responsible for the destruction of autologous platelets. 

Treatment with platelet transfusions is usually not effective 
as the alloantibodies destroy even PI*'-negative platelets. Cor- 
ticosteroids are often used. Plasmapheresis without plasma 
exchange and intravenous IgG infusions have each been an 
effective means of treating the hemorrhagic complications 
associated with PTP. In a number of cases, patients have had 
repeated episodes of PTP after reexposure to PI”'-positive 
blood, but some do not. PI‘!-negative blood is indicated for 
all subsequent transfusions when possible because patients 
are considered at risk for recurrence of PTP with subsequent 
transfusions, 


> ADVANCED CONTENT 


' Human platelet antigens (HPAs) have been described on 
six different platelet glycoproteins in which 41 HPAs have 
been expressed. Rare reports of cases of PTP have occurred 
in association with antibodies to these HPAs in the sera of 
patients’? HPA testing is highly specialized and is uous 
performed in reference laboratories. This testing involve 
platelet antibody testing and HPA genotypin ) i 
indirect laboratory tests have been developed to increase 
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specificity and sensitivity in the detection of platelet anti- 
bodies against glycoprotein specific HPA antigens. Direct 
tests detect antibodies attached to the patient’s platelets but 
are limited if there is severe thrombocytopenia. Indirect 
tests identify unbound platelet antibodies in serum. These 
tests employ some of the following techniques: modified 
antigen capture ELISA (MACE), platelet antibody and bead 
array (PABA), and monoclonal antibody specific immuni- 
zation of platelets (MAIPA). HPA typing of DNA by poly- 
merase chain reaction or next generation sequencing may 
be used to confirm antibody specificity and guide the care 
for future transfusion therapy. In some cases of PTP, iso- 
sensitization to HLA antigens found on platelets occurs, as 
well as the appearance of platelet-specific antigens other 
than PI, making serological typing difficult. 


lsoimmune Neonatal Thrombocytopenia 

Similar to the pathogenesis of erythroblastosis fetalis, iso- 
immune neonatal thrombocytopenia results from immuni- 
zation of the mother by fetal platelet antigens and placental 
transfer of maternal antibody. Isoimmune neonatal thrombo- 
cytopenia is most often caused by maternal alloantibodies to 
the PI*! (HPA-1a) antigen." 


ADVANCED CONTENT 


Similar to post-transfusion purpura, isoimmune neonatal 
thrombocytopenia has been reported only rarely with other 
platelet antigens such as Pl*”, Bak*, Bak®, Br’, and Br’. It is 
an uncommon disorder, generally affecting the first-born 
child. Based on gene frequency of the PI“! (HPA-1a) anti- 
gen in fathers, there is a high probability that a Pl*!-negative 
mother will have a PI*!-positive child. Once isoimmune neo- 
natal thrombocytopenia has developed, there appears to be an 
increased risk of the next child being affected, because most 
fathers are homozygous for PI*"'. 

A large percentage of PI*'-negative mothers who give 
birth to an affected child are phenotype-positive for the 
HLA-B8 antigen. It has been suggested that the HLA-B8 
antigen serves to protect from immunization, which 
accounts for the relatively low incidence of isoimmune 
neonatal thrombocytopenia, despite the frequency of the 
Pi‘! antigen and the chance for maternal sensitization. The 
relationship of ABO incompatibility to symptomatic isoim- 
mune neonatal thrombocytopenia is unclear. 

Infants who develop isoimmune neonatal thrombocy- 
topenia appear normal at birth but within hours develop 
scattered petechiae and purpuric hemorrhages, with platelet 
counts under 30 X 10°/L. Intracranial hemorrhage is the pri- 
mary cause of mortality in these infants. Characteristically, 
in this disorder the platelet count begins to decrease shortly 
after birth with low levels reached several hours later. 

Therapy is aimed at preventing intracranial hemorrhage 
and keeping platelet counts at hemostatically safe levels. 


Caesarean delivery is usually performeg é 
cranial hemorrhage from birth trauma wh, 
suspected before delivery. Corticosteroiq, 3 
IgG may be used prior to delivery, Postnatal Neon 
not necessary if the infant is asymptomatic par Men 
count remains above 30 X 10°/L. When the ; the Plat 
fests clinical signs of bleeding and the plate| pa ie 
below 10 X 10°/L, compatible platelet transfiy Count fal, 
ing maternal platelets or Pl*'-negative donor < Util, 
preferred treatment. Clets ig 
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Drug-induced Immune Thrombocytopenia 
Numerous medications may cause thrombocyt 
various mechanisms.'*'* There may be nonimmune y 
sion of thrombopoiesis and induction of apoptosis be Pres. 
immune mechanisms may cause drug-induced tee ent 
of causes of drug-induced thrombocytopenia is pro. : 
Box 26-2. Quinine, which is used to treat ma 
found in beverages such as tonic water, was on, 
drugs noted to cause thrombocytopenia. To cay 
lem, the drug appears to bind to platelet glyco 
allows platelet reactive antibodies to bind but only when 
drug is present (drug-dependent antibody), leading to g) = 
ance of antibody-coated platelets in the spleen. < 
Penicillins elicit an antibody response only when 0 
plexed with a larger carrier molecule on the surice 
platelets (hapten-induced antibodies), leading to plate, 
destruction in the spleen. Tirofiban and eptifibitide bind ty 
platelet glycoproteins IIb/IIIa (GP Ila/IIb) and are use os 
percutaneous coronary interventions to prevent thrombosis 
The drugs appear to create a new epitope on GP [Ibi 
which becomes a target for natural antibodies or antibodies 
that occurred from previous exposure to these drugs. Ani- 
body-coated platelets are cleared by the spleen but also may 
become activated and produce thrombosis. Monoclonal anti 
bodies can cause thrombocytopenia due to natural antibodies 
recognizing the murine component of the drug (abciximab) or 
circulating immune complex deposition causing complement- 
induced platelet lysis or direct binding of these immune 
complexes (rituximab) to its CD20 target antigen. Another 
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X 26-2 Causes of Drug-induced Thrombocytopenia 


Nonimmune direct suppression of platelet function (ie, 
chemotherapy) 

Immune-mediated platelet destruction 
* Drug-dependent antibodies (i.¢., quinine) 
* Hapten-induced antibodies (i.e. penicillins) | 
* Fiban dependent antibodies ‘| tirofiban, eptifibatide) | 
* Fab-binding antibodies (i.e. abciximab, rituximab) 
* Drug-induced autoantibody formation (ie, sulfonamides) 
* Immune complex formation (i.e, heparins) 
* Immune-mediated suppression of platelet production 


(i.e, quinine, eptifibatide) —_ 


iy ediated thrombocytopenia occurs related 
: and 10W molecular Weight heparins (see 
<cjon later). Immune-mediated suppression 
*stion related to direct antibody binding to 
d ay occur with eptifibatide and quinine, in 
destruction. 
that have been implicated to cause 
is rather extensive. The drugs most 
we’) are quinine, quinidine, trimethoprim/sulfa, 
cited However, immunological testing to con. 
--e of platelet-bound antibodies is lacking 
rts. The presence of drug-dependent 
_ of those a the diagnosis, but the ae stan- 
es validation of the various immunoassays for 
on Panbe problematic. A negative immunoassay 
ss a drug-induced immune thrombocytopenia. 
history that includes prescription medica- 
er and beverages, as well as certain nat- 
*5 milk, walnuts, cranberry juice, and sesame 
ortant to consider this possibility. When possi- 
P drug should be stopped in a thrombocytope- 
induced immune purpura appears to occur 
‘ly in the elderly population as a result of the 
ce of medications; however, cases have been 
and young adults. Profound thrombo- 
securs with platelet counts less than 20 X 10°%/L 
js common. Purpura occurs approximately 
ar initial use of the drug but may occur within 
ing to an anamnestic response on reexposure to 
he disorder is generally self-limiting because the 
rapidly returns to normal once the drug has been 
m circulation. The incidence of drug-induced 
rombocytopenic purpura is difficult to estimate for 
ect medications as causality is often not clearly 
in many of the published reports. Readminis- 
‘drug suspected to cause purpura confirms cause 
be avoided as serious bleeding may occur with 


jh 


-induced Thrombocytopenia and Thrombosis 
erapy is associated with the development of two 
types of thrombocytopenia. One type develops early 
ment and is benign. The platelet count rarely falls 
X 10°/L, and there are no resultant bleeding or 
mplications. The second type is associated with 
pcytopenia and, paradoxically, thrombotic epi- 
of hemorrhagic complications (see Chapter 29). 
be difficult to distinguish between these two 
bocytopenia based on laboratory values alone. 
d type of thrombocytopenia, platelet counts as 
AOL occur in association wi:!: arterial and venous 


bsis; this type has been termed heparin-induced throm- 
2 ‘and thrombosis syndrome TS).“* The actual 
» us Syndrome is not wel! dc fined, estimated to be 
et =0-1% to 7% dependir he patient popu- 
=i exposure. '? HITTS typically develops 4 to 

eal exposure to heparin; however, in individ- 

= been Previously exposed to heparin, it can 
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develop within 1 to 3 days after reexposure. Patients with 
myocardial infarction and cardiogenic shock or those who 
have undergone major vascular surgery may be particu- 
larly susceptible. Venous or arterial thrombosis results in an 
incidence of morbidity and mortality of up to 20% for patients 
Who develop HITTS. 

Pathologically, this syndrome develops secondary to anti- 
body Produced to platelet factor 4-heparin complex with 
'mmune complex Fc receptor-induced activation of platelets. 

However, the antibodies are of the IgG isotype, not IgM, 
which should occur with a primary immune response. In 
heparin-naive patients, the anti-PF4/heparin IgG antibody 
can be detected as early as day 4 of heparin treatment, which 
Suggests preimmunization by antigens that mimic the PF4/ 
heparin antibody complexes. It appears the preimmunization 
likely occurs as a physiological immune response to bacte- 
ial infections but in the presence of heparin is converted to 
a pathological response." A spontaneous HITT syndrome has 
been described in individuals who have not received hepa- 
rin.'? These individuals had anti-PF4/heparin IgG antibodies 
that caused in vitro platelet activation even in the absence of 
heparin. 

Laboratory confirmation of HITTS may be difficult. Pretest 
probability assessment is important to avoid over diagnosis in 
patients with thrombocytopenia due to other causes. The most 
widely used assessment tool (“4Ts”) uses easily available 
clinical information” (Table 26-5). If there is intermediate 
or high probability, initial immunoassays, such as ELISA, are 
used to screen for the presence of antibody in patient serum 
and to quantitate antibody amount by optical density (O.D.) 
measurement. The higher the O.D., the more likely HITTS 
is present. To ensure not missing cases, most laboratories use 

a cut-off nearer the upper limit of normal, 0.4 O.D units, to 
ensure maximal sensitivity, but this decreases the specificity. 
An O.D >1.0 is usually present in confirmed cases. Confir- 
matory testing with a functional assay demonstrating platelet 


TABLE 26-5 Heparin-Induced Thrombocytopenia-4Ts 
Pretest Probability 


4Ts 2 Points 1 Point 0 Points 


Thrombocytopenia Platelet nadir >20 or fall Platelet nadir 10 to 
19 or Platelet nadir of <10 or fall from baseline >5S0% fall to 30% 
to 50% from baseline to <30 % from baseline 


Timing of platelet Days 5 to 10 Consistent with 5 to 10 days but 
<4 days without recent decline missing counts or after day 10 
heparin exposure 
Thrombotic problems New thrombosis, Progression or recurrence 
of None skin necrosis, thrombosis, unproven thrombosis acute 
systemic reaction to heparin 


Other causes of None obvious Possible Definite 


Thrombocytopenia 


Low score 0-3 points intermediate score 4-5 pomnts High 


Reprinted from Lo GK, et al. Evaluation of pretest clinica 24 or the Garrnanas, 
of heparin-induced thrombocytopenia in 2 cf tims 
and Hemostasis. 2005)4:759. 
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activation in the presence of heparin such as 14C serotonin 
release; ATP release by lumiaggregometry; or other methods 
are then used if the initial immunological testing is positive. 

In patients with suspected HITTS, heparin must be discon- 
tinued. The platelet count should return to normal within 4 to 
6 days off heparin, Alternative anticoagulation is mandatory 
with or without initial thrombotic complications in any indi- 
vidual in whom the diagnosis of HITTS is strongly suspected 
due to the continued high risk of thrombosis off heparin. In 
patients who have life- or limb-threatening thrombosis, there 
are a limited number of choices for intravenous anticoagula- 
tion that all have potential hemorrhagic risk. 


co ee eT MT en eon 
ADVANCED CONTENT 
Argatroban is a synthetic direct thrombin inhibitor approved 
for treatment in this setting. Bivalirudin, an intravenous 
synthetic derivative of hirudin, a leech salivary gland pro- 
tein, has been used off-label and has a somewhat shorter 
| half-life than argatroban. Fondaparinux, which is the syn- 
thesized pentasaccharide portion of the heparin molecule, 
does not appear to cross-react with heparin in the manner 
that low molecular weight heparins can in promoting the 
clinical syndrome and is used off-label for this indica- 
tion. Fondaparinux is administered subcutaneously, is less 
expensive, and does not require monitoring. The newer 
direct oral anticoagulants, such as dabigatran, a throm- 
bin inhibitor, and the anti-Xa inhibitors (rivaroxaban and 
apixaban) are other anticoagulant alternatives. Bleeding 
may occur with all of these treatments but the parenteral 
direct thrombin inhibitors have short plasma half-lives, so 
their effects resolve relatively quickly, and there are rever- 
sal agents for the oral direct anticoagulants, idarucizumab 
(Praxbind) for dabigatran and andexanet alfa (Andexxa) for 
rivaroxaban and apixaban. Fibrinolytic therapy may play a 
treatment role to dissolve thrombus, especially in individu- 
als who develop neurovascular compromise related to their 
thrombosis. 


Acquired Secondary Immune-Mediated 
Thrombocytopenia 

Lymphoproliferative Disorders/Collagen Vascular Disorders 
Lymphoproliferative disorders such as Hodgkin’s disease, 
chronic lymphocytic leukemia, and non-Hodgkin’s lympho- 
mas have been reported with an ITP-like thrombocytopenia 
associated with decreased platelet survival. In systemic lupus 
erythematosus (SLE), roughly 14% of the patients develop 
thrombocytopenia resembling ITP during the course of the 
disease. The hematologic manifestations of SLE, which 
include immune-mediated thrombocytopenia and thrombocy- 
topenia secondary to bone marrow suppression, may precede 
the other clinical manifestations of the disease. Thrombocyto- 
penia in SLE responds well to corticosteroid therapy. 


Infections Acute viral infections may transiently impair 
megakaryopoiesis without a reduction in marrow cellularity. 


Chronic viral infections such as human 
virus (HIV) or hepatitis may lead to rp, 
ity and, subsequently, to thrombocytope 
viduals. Thrombocytopenia as a result 
viral, bacterial, or parasitic infections 
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nucleosis, mumps, and rubeola can cause yp % py, 
bocytopenia. In bacterial sepsis, thrombocyp Severe tine 
present with or without disseminated intravag ia May 
tion (DIC). Malaria is frequently associateg tm ; 
cytopenia as a result of increased platelet e it 
splenic sequestration. Structj 

An array of hemostatic complications has be 
in association with HIV infection. The most eo en 
static abnormality in these patients is thrombocyin Hem, 
incidence of thrombocytopenia appears to oe Peni. 
to the stage of the disease. There appears to be 4 Oty 
between CD4+ T cell depletion, viral load jn oles tt 
occurrence of thrombocytopenia. Many affected me aNd the 
have active hepatitis infection. Most patients With Ey tS aly, 
thrombocytopenia do not have significant bleedin A 
rhagic complications may occur but are difficult 4 ti, 
based solely on the platelet count. Pred 

The pathogenesis of HIV-related thrombocytopenj va 
to be heterogeneous.”) An immune etiology is Sugges 
studies that have shown diminished in vivo Platelet — by 
Detection of platelet-associated IgG and circulating jm iva) 
complexes that contain antiplatelet antibodies provides 
port for immune destruction in HIV-related throm * 
The pattern of IgG subclasses found in HIV-infected bis: 
as well as the level of immune complexes on platelet ae, 
in HIV disease, are significantly different from patients With 
“classic ITP” (see Table 26-4). Immunohistochemical marker 
show increased CD8 + T cells from the spleens of Patiens 
with HIV-related immune thrombocytopenic purpura, Hoy. 
ever, the finding that thrombocytopenia does not frequently 
occur in infants of HIV-infected mothers with thrombocytp. 
penia suggests an immune etiology may not be the princi 
cause. Viral infection of hematopoietic cells, altered manoy 
microenvironment, or dysfunction of the reticuloendothelis 
system contribute to ineffective thrombopoiesis in HIV-related 
thrombocytopenia. Development of marrow fibrosis or ma 
row involvement by AIDS-related lymphoma may also lead 
to thrombocytopenia. These factors may be more importantin 
producing HIV-related thrombocytopenia. 

Treatment with antiretroviral therapy alone is often effee- 
tive. HIV-related thrombocytopenia, when more severe or 
associated with bleeding, is treated similarly to ITP. Intrave- 
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nous IgG and anti-D globulin have been used successfily 
Corticosteroids may be effective but have the potential © 
increase the risk of infection in these immunosuppress 
individuals. Thrombopoietin: receptor agonists are often pe 
ferred over other immunosuppressive treatment modalites 


such as rituximab or splenectomy, which also increase nsks 
for infection. 
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Fjieeie thrombocytopenia, Most vacei- 
rie A ee rarely cause immune thrombocytope- 
se related ITP is estimated to occur at 
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gift vector vaccines. 
&e aden? penic Purpura Thrombotic thrombo- 
of ts °y TP) is a rare and Sometimes fatal 
Bric Be te d with thrombocytopenia and microan- 
ee Baie anemia ***° (Fig. 26-5). Despite being 
mic he™? 1924, the pathogenesis of this syndrome 
since stood. Both inherited and sporadic 


unde 
ny al forms of the syndrome occur. This dis- 


- nonfat cribed as a pentad of signs and symptoms 
Pec uife Bai gombo ytopenia, microangiopathic hemolytic 
pclud neurological abnormalities, and renal dys- 
5 oes is recognized more readily, it has become 
; action ‘a mbocytopenia and microangiopathic hemolytic 

ear that cterize this disorder, and the fluctuating neuro- 
n rmalities, fever, and renal dysfunction occur less 
ca Bic diagnosis should be suspected in any individ- 
equen ly. ents acutely with thrombocytopenia, and consid- 
ee 4 be given to initiation of appropriate treatment 
“a a absence of other signs or symptoms while await- 
en iD oy confirmation of the diagnosis. Hyaline micro- 
Ei are the characteristic pathological feature and are 
jin multiple organs on biopsies or at autopsy. However, 
rombi are not solely diagnostic for TTP, as they occur 


microangiopathic processes such as DIC (Fig. 26-6). 
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FIGURE 26-6 Renal biopsy from a patient with thrombotic thrombo- 
Cytopenic purpura (TTP) showing glomerular deposits of platelet-fibrin 
microvascular occlusion. 


The coagulation screening tests and D-dimer assay are nor 
mal in TTP, in contrast to DIC, where they are abnormal (see 
Chapter 28), ; 

The exact pathogenic mechanisms responsible for this 
disorder remain uncertain. Endothelial cell damage, pos 
sibly secondary to drugs or other agents, may be critical to 
the development of vascular injury. A number of drugs have 
been reported to induce thrombotic microangiopathies resem 
bling TTP‘ Once endothelial cell damage occurs, inhibition 
of fibrinolysis and deficiency of prostacyclin (PGI,) synthe- 
sis may then lead to platelet aggregation and thrombosis. The 
large von Willebrand factor multimers that are secreted by 
damaged endothelial cells may then persist in circulation and 
promote development of microvascular thrombosis. The pres- 
ence of platelet microparticles due to platelet destruction may 
increase the thrombotic tendency. A genetic predisposition or 
an underlying disorder may be necessary for expression of the 
disease, but this has not been proven except for the familial 
variant of the disorder. 

In the rare inherited familial variant of TTP, there is now 
evidence that the protease in vascular endothelial cells, 
which is responsible for cleaving von Willebrand multim- 
ers (ADAMTS 13), is defective or absent.” This disorder is 
caused by ADAMTS 13 mutations with deficient production 
of the protease, This form of TTP usually appears in infancy 
or early childhood and is treated with periodic plasma infu- 
sions to maintain remissions by replacing the ADAMTS 13 
deficiency in plasma. A recombinant form of ADAMTS 13 
(SHP 655) is currently in clinical trials for treatment of famil- 
ial TTP. 

In the more common nonfamilial acquired cases, auto- 
antibody against the ADAMTS 13 protease is present that 
inhibits the protease,** either by neutralizing the proteolytic 
activity or enhancing the clearance of the protease. Women 
appear to be affected more often than men, with a female- 
to-male ratio of 3:2. The peak incidence occ sen the 


third and fourth decades of life. Patients wh regnant, 
have viral infections, ingest certain drugs such a opido- 
grel, or have autoimmune disorders appear to be predisposed 
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to development of TTP. TTP may also occur as a complica- 
tion of antineoplastic chemotherapy or allogeneic stem cell 
transplantation, and in those cases, ADAMTS 13 levels are 
hot significantly decreased and prognosis tends to be poor 
with standard treatments, 


Common Clinical Findings 

Patients with TTP initially present with nonspecific symptoms 
of malaise, weakness, fatigue, fever, or abdominal pain, The 
clinical spectrum of TTP can vary and simulate other throm- 
botic microangiopathies. Neurological dysfunction and renal 
abnormalities are part of the classic pentad but need not be 
present to make the diagnosis. The degree of severity of these 
signs and symptoms can be quite variable; fever is typically 
less than 38.3°C, and the renal abnormalities may be as mild 
as proteinuria or microscopic hematuria. Overt renal failure 
requiring dialysis is uncommon in TTP, in contrast to hemo- 
lytic uremic syndrome (HUS). Neurological manifestations 
can be as mild as headaches or as severe as coma, seizures, or 
obtundation, Abdominal pain, pancreatitis, and gastrointestinal 
bleeding may also be associated findings. Any organ system 
may become involved in TTP; however, symptomatic pulmo- 
nary and cardiac involvement are unusual. Pericarditis is rare in 
TTP, but diffuse cardiac ischemia mimicking pericarditis with 
diffuse ST segment elevation on electrocardiogram (ECG) can 
be seen and is typically fatal despite appropriate treatment. 


Laboratory Testing and Results 

Laboratory features of TTP are those of a severe microangio- 
pathic hemolytic anemia with schistocytes, reticulocytosis, 
and nucleated red blood cells on the peripheral blood smear. 
Signs of hemolysis are reflected by increases in LDH and 
indirect bilirubin, decreased haptoglobin levels, hemoglobin- 
emia, and hemoglobinuria. There is severe thrombocytopenia 
and evidence of decreased peripheral platelet survival despite 
megakaryocytic hyperplasia in the bone marrow. However, 
early in the course of TTP, schistocytes and nucleated red 
blood cells may not be prominent, and severe thrombocyto- 
penia may be the predominant finding. The prothrombin time 
(PT), activated partial thromboplastin time (aPTT), fibrino- 
gen level, and D-dimer are generally normal in patients with 
TTP. Slight elevations in the fibrinogen degradation products 
(FDPs) have been reported. ADAMTS 13 levels are severely 
depressed (less than 10%) in most individuals with TTP and 
may predict a better potential for response than for individuals 
with normal ADAMTS 13 levels. Presence of an autoantibody 
to the ADAMTS 13 protease is consistent with an acquired 
TTP. The clinical course of a patient does not always parallel 
the change in the ADAMTS 13 levels. Individuals may rap- 
idly normalize ADAMTS 13 levels in plasma but remain clin- 
ically affected by TTP while others may have a remission and 
still have low plasma ADAMTS 13 levels. Once an individual 
is in remission, monitoring the ADAMTS 13 activity levels 
appears useful in predicting relapse. 


Treatment 
Before the development of newer treatment modalities 


such as plasma exchange, the mortality in TTP exceeded 
90%.4 Plasma exchange is presently the standard of care for 


treatment of acute TTP. With the use of pl 
there has been a significant improvement A a 
patients with TTP. Survival rates Of 80% 1 the 
but relapses occur in about 40% Of Patients, vio "hy 
comes in patients with refractory disease 2s 1 fata 
volume of plasma utilized, and type of plasma Teen 
have not been standardized, although rniost ig Cg . 
daily exchanges of at least one complete p) TIS Sipe 
utilizing fresh frozen plasma. The length ie Voli, 
exchange should be continued is algo not San) I 
although most clinicians support Continuation an defn 
exchange until the platelet count and Loy tho Plas, 
normalized. As this is now known to be an ia bg 
disorder, use of immunosuppressive therapy js * mi 
sidered. Corticosteroid therapy when used as the Z , cn 
apeutic agent is usually ineffective, eXCept pethang © the, 
early relapses. Theoretically, corticosteroids in i Vey 
plasma exchange may offer additional benefit, slicer b 
amount of corticosteroids needed and the length of F 
are not clearly defined. Cyclosporin A has also bees 
however, a report of the use of prednisone Compared yea 
cyclosporin A demonstrated that prednisone Suppressed he 
ADAMTS 13 antibodies and improved ADAMTS [3 x, 
better in the first month after stopping plasma exchange ty 
did not appear to decrease subsequent relapse rates, Caples 
zumab is a monoclonal antibody that targets the A| dong 
of von Willebrand factor that interacts with platelet Gp by 
block the platelet vWF interaction and prevent formation of 
microthrombi. Caplacizumab appears to reduce Tecurrence; 
within 30 days of stopping plasma exchange but not decrese 
late recurrences. There have been numerous case report 
of the effectiveness of rituximab treatment in refractoy 
TTP and one clinical trial of the effectiveness in preventis 
relapses. Currently, many clinicians are now using rituxima 
after clinical remission has occurred after the cessation of 
plasma exchange to preemptively prevent relapses, after # 
initial episode, and for patients in clinical remission whose | 
ADAMTS 13 activity level decreases before other signs of | 
relapse. Patients should be monitored closely after disconte- 
uation of plasma exchange for evidence of relapse, which | 
common. Platelet transfusions should be avoided unless ti 
| 
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patient is overtly bleeding, because platelet transfusions my 
accelerate the microangiopathy and have been temporily 
related to deterioration and death 

In patients who do not respond to plasma exchange or Wi 
relapse on plasma exchange, there is no standard treatm 
intervention, but several options can be considered. The # 
erature has case reports of many treatments that are effect 
in small numbers of patients Rituximab may be considers! 
not previously shown to be ineffective. Splenectomy haste 
considered as a therapeutic intervention once patients 
plasma exchange or for patients prone to relapses have 
order, The majority of patients undergoing splenectom a 
also received corticosteroids and blood products, ee 
also increase the response rate. Immunosuppressi¥¢ ¢ iyit 
therapy drugs, such as vineristine or cyclophosphamide : 
been reported to induce remission. Antiplatelet drugs 
aspirin, dipyridamole, and sulfinpyrazone have Ae 
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these antiplatelet drugs are used in variable 

making their efficacy difficult to evaluate. 
jnitially present with thrombocytopenia, 

may increase the risk of hemorrhage, Anti- 

apy. including heparin and dextran, has been 
ut has shown no benefit, 


HUS resembles TTP pathologi- 
TTP, which usually affects adults, typical HUS 
seen in children, presenting with diarrhea, 


1 1% and 5%.” The prognosis of adult-onset 
4g worse than that of childhood-onset HUS, with 
‘mortality rate and higher incidence of long-term 
od permanent renal damage.” Table 26-6 com- 

“characteristics of TTP and typical HUS. The patholog- 
“hi in HUS are almost always limited to the glomerular 

‘nd afferent arterioles of the kidney. 
and renal failure are common findings, 
cal manifestations are usually less common 
were, Severe neurological problems or evidence of 
are more likely to suggest the diagnosis of 
ry HUS may be duc to other bacterial or viral 
transplantation, autoimmune disease, preg- 
motoxic chemotherapy. These conditions can cause 
and enhance complement activation.’ A 
y of HUS, “atypical HUS,” is due to congen- 
c of complement regulators and complement 
his disorder is more commonly diagnosed in adults 
sn unfavorable prognosis but can present in child- 
senting clinical symptoms and signs are similar for 
these types of HUS, and some patients thai appear 
V or secondary HUS may also have mutations 
related to complement regulation. A recent 
of thrombotic microangiopathies and 
gene variani-modiated microangi- 
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hemodialysis, antihypertensive therapy, and red blood cell and 
Platelet transfusions, Unlike TTP, plasma exchange is usually 
NOt necessary in typical Shiga toxin-mediated HUS, However, 
in secondary HUS and atypical HUS, plasma exchange ther- 
apy is indicated as initial therapy, except in patients with HUS 
Secondary to pneumococcal infection as this treatment may 
exacerbate the disease. Atypical complement-mediated HUS 
may be treated with eculizumab, a monoclonal antibody to 
complement component C5, to reduce hemolysis and prevent 
chronic renal failure, A long-acting C5 inhibitor, ravulizumab, 
has recently become available for maintenance therapy. Due 
to a significant risk of meningococcal disease with comple- 
Ment inhibitor therapy, meningocococcal vaccination is rec= 
ommended before beginning this therapy. 


Nonimmune Thrombocytopenia 

Disseminated Intravascular Coagulation 

Acute DIC is caused by many illnesses, sepsis, obstetric emer- 
gencies, and severe trauma, and may cause bleeding. Chronic 
DIC may be seen with cancer and may result in thrombosis 
rather than bleeding. Thrombocytopenia is usually seen in 
acute DIC; however, the platelet count may be normal or 
elevated in chronic DIC, In all instances, there appears to be 
accelerated platelet destruction in combination with coagu- 
lation factor consumption. DIC must be differentiated from 
other causes of microangiopathy causing thrombocytopenia 
because treatments differ. Pathogenesis and treatment of DIC 
is discussed in Chapter 28. 


Pregnancy-Associated Thrombocytopenia 
Thrombocytopenia may occur in pregnancy owing to coin- 
cidental development of disorders discussed earlier in this 
chapter, or it may occur as a consequence of the pregnancy.” 
Disorders resulting from pregnancy include gestational 
thrombocytopenia and thrombotic microangiopathies such as 
preeclampsia-eclampsia and HELLP syndrome (hemolysis, 
elevated liver enzymes, low platelet count). 


Gestational Thrombocytopenia Mild thrombocytopenia 
with platelet counts of 50 to 80 X 10°/L may occur in about 
8% of normal pregnant women. This most commonly devel- 
ops in the third trimester of pregnancy and does not cause 
bleeding in the mother or infant. No treatment is necessary 
for this disorder. The platelet count returns to normal after 
delivery. Gestational thrombocytopenia shares features with 
ITP, but the finding that infants bor to mothers with gesta- 
tional thrombocytopenia do not have neonatal thrombocyto- 
penia indicaies this may not be immune-mediated, Gestational 
thrombocytopenia must be differentiated from other thrombo- 
cylopenic disorders of pregnancy such as eclampsia, HELLP 
syndrome, ITP, or TTP, because these disorders may cause 
harm to the mother or the fetus and require treatment to pre- 
vent maternal or fetal morbidity aad mortality, 


Preeclanipsie-Eclampsia and HELLP Syndrome Preeclamp- 
sia is a relanvely coaiuon disorder of pregnancy that causes 


hypertension, elevation of vric acid, and thrombocytope- 
nia, Belampsis is 4 more severe form of the disorder and 
may result in seizures and renal dysfunction; it also has a 


greater association with thrombocytopenia. A variant of 
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eclampsia termed HELLP syndrome (Hemolysis, Elevated 
Liver Enzymes, Low Platelets) is also described. These 
disorders are thrombotic microangiopathies with clinical 
manifestations resulting from platelet activation and con- 
sumption from endothelial activation and cell injury. The 
more severe forms of these syndromes must be differentiated 
from TTP or HUS. Preeclampsia and eclampsia typically 
occur with the first pregnancy and usually occur in the last 
trimester, whereas TTP and HUS may occur at any time in 
pregnancy, Delivery of the fetus usually is effective in revers- 
ing the eclamptic disorders. Aspirin appears to be useful in 
treating preeclampsia. Corticosteroid treatment may be con- 
sidered to improve fetal lung maturity if HELLP occurs early 
in the last trimester of pregnancy. However, when these dis- 
orders are severe or serious complications have developed, 
plasma exchange therapy is used because it may be difficult 
to differentiate eclampsia and HELLP from TTP or HUS. 


Quantitative Platelet Disorders: 
Thrombocytosis 


Thrombocytosis, defined as platelet count above the normal 
Tange, may be either a reactive process or due to a primary 
clonal myeloproliferative neoplasm (MPN).*° Reactive 
thrombocytosis, unlike thrombocytosis from a primary MPN, 
is rarely associated with bleeding and thrombotic complica- 
tions, and the platelet count usually does not exceed 1000 X 
10°/L. The morphology of platelets in a reactive process is usu- 
ally normal in contrast to those in an MPN, where the plate- 
lets are often large and dysplastic. Tests of platelet function 
are also typically normal in reactive thrombocytosis. Bone 
marrow examination may demonstrate increased numbers of 
megakaryocytes; however, in contrast to MPNs, the mega- 
karyocytes are neither clustered nor dysplastic with reactive 
thrombocytosis. 


CRITICAL THINKING QUESTION 


26-2 If thrombocytosis is an excess of platelets, what is the 
expected clinical symptom in patients with this disorder? 


Primary Thrombocytosis 

Because all of the MPNs are characterized by a clonal auton- 
omous proliferation of a pluripotent stem cell, they can all be 
associated with thrombocytosis. This proliferation of platelets 
is independent of the influence of TPO. Bleeding, thrombosis, 
and platelet function defects can also be seen with any of the 
MPNs. (The MPNs as they relate to specific platelet defects 
are discussed later in the section on acquired qualitative plate- 
let disorders.) Patients with essential thrombocythemia typi- 
cally have the highest platelet counts of all of the MPNs, often 
exceeding 1000 X 10°/L. Primary myelofibrosis, polycythe- 
mia rubra vera, and chronic myelogenous leukemia (CML) 
are associated with milder degrees of thrombocytosis. Based 
on observations of patients with reactive thrombocytosis and 
normal platelet function, bleeding and thrombotic complica- 
tions are uncommon. However, thrombocytosis alone is not 


the sole factor in the development of bleeg; 
in the MPNs. These complications are 
qualitative platelet defects. Lowerin 
tosis with hydroxyurea or thromboc 
the bleeding tendency in MPNs,. 
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Reactive Thrombocytosis 
Reactive thrombocytosis may be attr) 
and may be either a transient or chro 
tory cytokines such as interleukin-6 
be responsible for producing this response thou, ; 
levels in plasma are reduced due to high plate| Tom rig, 

Thrombocytosis is a common findin “count. 
recovery from acute hemorrhage. The 
ally elevated within a day or so after hemorrhage ‘ 
increased marrow stimulation. Similar Tesponses S Arey, 
after therapeutic phlebotomy for treatment of ae iy 
vera (PV) or hemochromatosis (see Chapters 7 and ee 

Iron-deficiency anemia has Classically fe 9) 
with mild thrombocytosis that does not usually 8; ite 
10°/L. This associated thrombocytosis may help to FS 150y 
ate iron deficiency from other causes of red blood fe CTeny, 
cytosis that are not typically associated with throm Micrp, 
Repletion of iron stores corrects the platelet COUN to norp : 

Thrombocytosis is also associated with underlying 
nancy and with chronic inflammatory or infectious Doc Ig 

Thrombocytosis can be seen Postoperatively after a) 
any surgical procedure but is most common and pion 
after splenectomy. Within the first 2 weeks, Platelet coup, 
may increase to as much as two to six times reoperag 
levels and then decline to a higher normal or Slightly aboye 
normal level over a period of months after splenectomy. Plate. 
let survival has been documented to be normal. It has bee, 
suggested that the thrombocytosis seen after splenectomy js 
caused by increased platelet production, because eliminatc 
of the splenic pool can account for no more than a 50? 
the platelet count. 
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Certain drugs may also induce thrombocytosis or asis 
_ in platelet recovery after an episode of thrombocytope: 
' nia. Administration of epinephrine will cause a rapid be 
_ transient increase in platelet count secondary to plate! 
release from the spleen. Recovery of marrow suppression 
_ from alcohol or chemotherapeutic agents will often reslti 
| thrombocytosis. Recombinant interleukin-11 (oprelvelt) 
_ has been used to aid in platelet recovery after chemothenp) 

administration to prevent bleeding but has not been ve) 
_ effective and has not helped in other thrombocytopea 

states, so it is now rarely used clinically, Recombinant TP0 

was studied in normal individuals but resulted in ant-TP0 
~ antibodies and refractory thrombocytopenia. Howevet ths 
led to the development of TPO mimetics, romiplos® 
eltrombopag, and avatrombopag. These agents are 00" 
clinically for treatment of refractory ITP. 
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e Platelet Disorders 
| Disorders of Platelet Function 


congentt? disorders of platelet function are rare diseases 

congenital various genetic mutations and can be broadly clas- 

caused by on the platelet function or response that is abnor- 
6-3). This classification currently includes: 


ml tet surface membrane defects 
1, Plate release or secretion defects 
ra platelet coagulant activity defects 
3 platelet associated with abnormal platelet-coagulant 
4 ra ctions 
prose ier 
dromes have been described within these 
Nae Some of these disorders also exhibit throm- 
ategor ra in addition to platelet dysfunction. Cutaneous, 
postr other congenital abnormalities may also be 
sieletal jn these disorders. The more common congenital 
present as they relate to abnormal platelet function are 
jisted in Tables 26-3 and Box 26-3. As noted in Chapter 25, 
platelet surface includes a glycocalyx containing various 
- ins that function as receptors to bind molecules 
ins and transmit signals to the interior of the plate- 
jet to effect platelet reactions. Glanzmann’s thrombasthenia 
‘oulier syndrome are congenital disorders with 
rotein deficiencies that result in platelet dys- 
BE sioratory abnormalities in these syndromes 
; in Table 26-7. 
Se ied in Chapter 25, platelet glycoprotein recep- 
tors transmit signals intracellularly to cause release of 
platelet granule substances and platelet shape change. Phos- 
(Aand C) are liberated from the internal surface 
the platelet membrane in response to platelet agonists, 
selease cyclo-oxygenase, and cause an increase in intracellu- 
Jar calcium levels. This produces centralization of granules 
and fusion of granule membrane with the open canalicular 
system to transport granule proteins to the environment to 
allow adhesion and aggregation. The disorders of plate- 
Jet release primarily involve absence of platelet granules 
‘or defective enzymatic pathways. Storage pool deficien- 
cies have absence of alpha or dense granules, whereas the 
release disorders have normal amounts of platelet granule 


Congenital Disorders of Platelet Filmction 


Platelet Surface Membrane Defects 
 Glanzmann’s thrombasthenia 
F Bemard-Soulier syndrome 


Platelet Release or Secretion Defects 
& Storage pool deficiency (granule defects) 
_ ‘timary secretion defects (enzymatic pathway defects) 


let Coagulant Activity Defects 


* Detects associated with abnormal a 
, ov platelet coagulant protein 
_ Yn Willebrand Disease 
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TABLE 26-7 Comparison of Glanzmann’s 
Thrombasthenia and Bernard-Soulier Syndrome 


Ristocetin 


Clot retraction 
Platelet glycoprotein 
defect 


contents, The bleeding tendency and laboratory findings in 
these disorders are similar. 
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CRITICAL THINKING QUESTION 
26-3 sit feasible that patients with a qualitative platelet 
disorder could have a normal platelet count? 


Platelet disorders with failure to generate thrombin are con- 
sidered to have defects in platelet anticoagulant activity. Very 
few patients with this problem have been described. In one 
individual extensively studied, there was a failure of plate- 
let microvesiculation in response to stimulation, leading to 
decreased Va—Xa and Vila—IXa binding that slowed the nor- 
mal coagulant response. Individuals with these disorders do 
not demonstrate abnormal platelet adhesion or aggregation. 

Von Willebrand disease is caused by a plasma protein 
deficiency or protein dysfunction with abnormal platelet- 
coagulant protein interactions that mimics primary platelet 
disorders by its pattern of mucosal bleeding, (See Chapter 27.) 


Platelet Surface Membrane Defects 
Glanzmann’s Thrombasthenia Glanzmann’s thrombas- 
thenia is a rare autosomal-recessive disorder of platelet func- 
tion caused by an absence or deficiency of the membrane 
GPlib/Illa complex. GPIIb/IIIa mediates the binding of 
fibrinogen, von Willebrand factor (vWF), and fibronectin to 
activated platelets. GPI!b/IIla also serves to connect adhe- 
sive proteins to contractile proteins of the platelet after acti- 
tion, thereby facilitating clot retraction. These two proteins 


exist within the platelet membrane as heterodimers. Calcium 
is required for stabilization of the complex. GPIIb/Illa must 
exist as a complex to function as a ligand to bind fibrinogen. 
Both megakaryocytes and platelets express the GPIIb/GPIlla 
complex 

The gene that codes for GPIIb and GPllla is located on 
chromosome 17, Gene deletion and gene rearrangement 
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of GPIIla may account for the phenotypic defects seen in 
Glanzmann’s thrombasthenia, 


Common Clinical Findings 

Clinical manifestations of Glanzmann’s thrombasthenia are 
quite variable, ranging from minor bruising to severe and 
potentially fatal hemorrhages, with the severity of bleed- 
ing consistent within single families. Although uncommon, 
Glanzmann’s thrombasthenia occurs with greater frequency 
than Bernard—Soulier syndrome, another surface glycopro- 
tein abnormality. Glanzmann’s thrombasthenia appears to 
cluster in ethnic populations where consanguinity is prev- 
alent. Bleeding is most commonly from mucosal surfaces 
and includes easy bruisability, epistaxis, spontaneous gingi- 
val bleeding, prolonged bleeding from minor cuts, and men- 
orrhagia. Gastrointestinal hemorrhages are less common. 
Facial petechiae and subconjunctival hemorrhages may be 
seen in infants associated with crying. The formation of 
deep hematomas and recurrent hemarthroses that are typ- 
ical features in hemophilia are not present in Glanzmann’s 
thrombasthenia. 


Diagnostic Criteria 
Criteria for diagnosing Glanzmann’s thrombasthenia include: 


1. An autosomal-recessive trait with clinical manifestations 
expressed in homozygotes only 

2. Normal platelet count and normal platelet morphology 

3. Abnormal response to collagen-ADP with PFA-100 testing 

4. Absent platelet aggregation to ADP, thrombin, collagen, 
and epinephrine, with normal platelet agglutination to 
ristocetin (Fig. 26-7) 

5. Flow cytometric assessment of GPIIb/IIIa surface protein, 

revealing deficiency or absence 
. Abnormal light transmission aggregometry 
. Abnormal clot retraction 


6 
7 


AN 


7 ‘ Soouiament 


Treatment 


Prevention of bleeding with good denta| iY 
of antiplatelet drugs is important. Patients with * Moidae, 
thrombasthenia who present with Severe bleed lanza 
require platelet transfusions to replace dysfunct, Pisa, 
lets, Supportive therapy should be used judicioush 2 Dla 
patients may develop alloantibodies to GPIIb and Gp, 
the transfused platelets or anti-HLA antibodies “ges 
refractory to platelet transfusions, Antifibrinolyt Re 
such as EACA or tranexamic acid may help in fa ey 
hemorrhage, especially from the nose and tagcat 
fibrinolytic activity is prominent. Topical died 
as thrombin or pressure packing may be effective, tha 
has been used but has not been helpful, Estrogen th AVp 
in the form of birth control pills is especially ined ¢ 
controlling menorrhagia. Recombinant factor Vila has ea 
successfully used, but thromboembolism has Occurred ip 
one reported case after discontinuation of the recombinay 
factor Vila treatment. : 


Bernard-Soulier Syndrome Bernard-Soulier Syndrome 
is a rare autosomal-recessive bleeding disorder Caused by » 
deficiency of the platelet GPIb/IX complex. GPV, which 
associated with the GPIb/IX complex on the Platelet surface 
and is a thrombin substrate, has also been documented to be 
deficient in Bernard—Soulier platelets. Gene mutations ¢f 
GPIb and GPIX, but not GPV, appear to be the cause of ths 
disorder. An acquired form of the disorder has been reporel 
due to autoantibodies to these platelet glycoproteins. As ds. 
cussed in Chapter 25, GPIb/IX/V plays a major role in varios 
hemostatic events. GPIb/IX/V is the platelet receptor involved 
in the yWF-dependent contact adhesion of unactivated 
platelets to exposed subendothelium at high shear rates and 
for the binding of platelets to fibrin. It also serves as a hig 
affinity thrombin-binding site and regulates platelet shape 
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26-7 This graph depicts the lack of platelet aggregation to epinephrine, 10 um (biue); ADP, 5 um (black); collagen, 2mcg/mL Ved ai 
acid, 0.5 mcg/ml (green)—typical of a patient with Glanzmann’s thrombasthenia. 


ivity. Because the platelet membrane is attached to 
gpd 1000 jeton via GPIb, the loss of normal membrane- 
the =e function may account for the abnormal platelet 
cytoskel seen in Bernard-Soulier platelets. Bleeding in 
morpho Ee tlet syndrome is due to a combination of hemo- 
gems fects including thrombocytopenia, abnormality of 
state yon Willebrand factor interaction important for plate- 
platelet jon abnormality of platelet-thrombin interaction, and 

ity of platelet coagulant activity. 


Clinical Findings 
com ts with Bernard-Soulier syndrome present with the typ- 
toms of a primary hemostatic disorder with varying 

“y. Gingival bleeding, epistaxis, purpura, menorrhagia, 
trointestinal bleeding are the typical hemorrhagic 
sfestations. Symptoms occur early in life and tend to 


decrease with age. 
Laboratory Testing and Results 
J abnormalities in patients with Bernard-Soulier 
e include normal or moderately reduced platelet counts 
with large irregularly shaped platelets noted on the periph- 
eral smear. The platelets seen on peripheral blood smear may 
be large enough to resemble lymphocytes. Normal numbers 
of megakaryocytes are found on bone marrow examination, 
Platelet aggregation is normal with ADP, epinephrine, and col- 
and is reduced with thrombin. Ristocetin-induced plate- 
Jetaggregation is absent in Bernard—Soulier syndrome, similar 
to von Willebrand disease. However, the deficient ristocetin- 
induced aggregation defect is corrected by the addition of 
nomal plasma in von Willebrand disease, but not in Bernard- 
Soulier syndrome, where the deficiency of GPIb/IX/V 
(which is the receptor for vWF) is the cause of the aggrega- 
tion defect. The differences in platelet aggregation tests with 
various platelet agonists among von Willebrand disease, 
Bemard-Soulier syndrome, and Glanzman’s thrombasthenia 
are depicted in Table 26-8. Crossed immunoelectrophoresis 
orflow cytometry of platelet membrane glycoproteins should 
demonstrate a decrease in GPIb, GPIX, and GPY to confirm a 
diagnosis of Bernard—Soulier syndrome. 

Heterogeneity among the glycoprotein abnormalities in 
Bemard-Soulier indicates that there are multiple genetic 
defects. This has been confirmed with the discovery of at 
keast 112 different mutations in GPIba, GP Ib, and GPIX sub- 
units.* Heterozygotes present with recognizable abnormali- 
tics such as occasional large platelets on the peripheral smear, 
with a history of bleeding yet few serious clinical problems. 

gotes present with abnormal platelet function and 
morphology, thrombocytopenia, and hemorrhagic disease. 


nn 


mann’s thrombasthenia 
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Diagnostic Criteria 
Specific criteria for the diagnosis of this bleeding syndrome 
have been established. These criteria are: 


. An autosomal trait with clinical manifestations expressed 
in homozygotes (or double heterozygotes with combined 
genetic abnormalities of GPIb, GPV, and GPIX) 

2. Normal platelet count or moderate thrombocytopenia 

(despite a normal number of marrow megakaryocytes) 

3. A significant number of giant or large platelets present on 

the peripheral blood smear 

4. Absent platelet agglutination in response to human vWF 

and ristocetin 

5. Normal platelet aggregation in response to ADP, collagen, 

and epinephrine, with reduced aggregation in response to 
thrombin 

6. Normal factor VIII coagulant activity (FVII:C) and vWF 

antigen 


Treatment 

Affected individuals who present with active bleeding should 
be treated with red blood cell transfusions to replace blood 
loss and an antifibrinolytic agent such as EACA or tranexamic 
acid. Antifibrinolytic agents do not correct the defect but 
allow the primary hemostatic plug to remain intact at the 
site of injury. DDAVP and estrogen therapy may be helpful 
in controlling bleeding. In instances in which bleeding is not 
controlled by these measures, platelet transfusions may be 
necessary; however, these should be used judiciously to avoid 
alloimmunization to GPIb. There has been successful use of 
recombinant factor Vlla to treat bleeding in this disorder. 


Platelet Release (Secretion) Defects 

Storage Pool Deficiencies (Granule Defects) Storage pool 
deficiencies are classified according to an analysis of the gran- 
ule proteins and the morphological appearance of the plate- 
lets. Most commonly, a decrease in platelet dense granules is 
present, with decreased amounts of secretable ADP, adenosine 
triphosphate (ATP), calcium, and serotonin (delta [8] storage 
pool deficiency), In other patients, alpha (a) and dense granules 
are decreased with decreases in amounts of a granule proteins 
such as platelet factor 4, beta (B)-thromboglobulin, and plate- 
let-derived growth factor as well as the dense granule proteins 
are noted (a5 storage pool deficiency). Other patients have a 
decrease in a granules only, with normal dense granules and 
normal amounts of dense granule constituents (a storage pool 
deficiency), Deficiency of the @ granules leads to an agran- 
ular appearance of platelets on the Wright-stained peripheral 
blood smear and has been termed gray platelet syndrome. The 
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Quebec platelet disorder is reported to have a deficiency of a 
granule proteins related to excessive proteolysis. Platelet fac- 
tor 3 (PF3) activity is reduced in these disorders and appears 
telated to the defects in platelet aggregation. 

The inheritance pattern of these disorders has not been 
well defined but in some instances appears to be an autoso- 
mal dominant pattern, Patients with storage pool deficiency 
have a mild to moderate mucosal bleeding tendency, Easy 
bruising, epistaxis, menorrhagia, postpartum bleeding, and 
bleeding after dental extractions or tonsillectomy are often 
present. Gastrointestinal bleeding is uncommon and hemar- 
throsis is not present. Storage pool deficiencies have been 
found in association with other congenital abnormalities (see 
Table 26-3). The Hermansky—Pudlak syndrome describes 
patients with oculocutaneous albinism and dense granule 
Storage pool deficiency. Individuals with Chédiak—Higashi 
syndrome also have oculocutaneous abnormalities, including 
ocular albinism and characteristic silver-gray hair with dense 
granule storage pool deficiency. Other congenital abnormali- 
ties, including Wiskott-Aldrich syndrome and the syndrome 
of thrombocytopenia with absent radii (TAR syndrome), 
have been described to have an associated platelet storage 
pool deficiency. 


Laboratory Features of Storage Pool Deficiencies 

Often, these disorders have normal laboratory results with 
PFA-100, plasma coagulation and factor assays. Platelet 
aggregation testing in 8 storage pool deficiency demonstrates 
normal primary wave aggregation but absent or reduced sec- 
ondary wave aggregation in response to ADP and epinephrine. 
Collagen-induced aggregation is reduced at lower but not high 
collagen concentrations. High concentrations of thrombin do 
not produce normal release, in contrast to platelet secretion 
defects. Platelet aggregation testing is variable in a storage 
pool deficiency. ADP and epinephrine-induced aggregation 
are often normal. Collagen and thrombin-induced aggregation 
are more frequently abnormal. Platelet aggregation patterns 
in a6 storage pool deficiency are similar to 8 storage pool 
deficiency as the deficiency in 6 granules appears more severe 
than the deficiency of a granules in these individuals. Plate- 
let counts are normal in the storage pool deficiencies. Mor- 
phology is normal except in the gray platelet syndrome and 
Chédiak—Higashi syndrome. 


Primary Secretion Defects (Enzymatic Pathway 
Defects) These congenital defects are rare and usually do not 
result in severe bleeding. Cyclo-oxygenase deficiency results 
in deficient conversion of membrane-associated arachidonic 
acid to thromboxane A. Thromboxane synthetase deficiency 
and other defects of thromboxane A, generation and calcium 
mobili have been described.” 


7alion 


of storage pool deficiencies and primary secretion 
has primarily been with judicious use of platelet trans- 
for tion or treatment of bleeding. For proce- 
low risk of bleeding or where bleeding is easily 
y local measures, no additional treatment may be 
has been reported to improve the bleeding 


time but not platelet aggregation defects 

to an effect to promote vascular integrity Them 7 
Gelfoam may be used to contro] Superficial brom| iN 
ing that does not respond to simple jan Us Hey 
For invasive trauma or surgical Procedures sel Mea 
used. Oral contraceptives may help to reduc Day wa 
Recombinant factor Vila has been reported tte Me; Ona, 
an individual with Hermansky-Pudlak syndro Op bleedin, 
thagia. Red blood cell transfusion ma ~ : 
let adhesion defect, possibly by supplying App 
of nonsteroidal anti-inflammatory agents or ae Ayoj ne 
induce platelet dysfunction is important in the an Sth 
of these disorders. a 


m 
Y also improve the i 
ins 


Defects in Platelet Coagulant Activity 
The bleeding pattern in these disorders ig dj 
platelet function defects since it involves an abnormal 
coagulant activity. Easy bruising and epistaxis es =F of 
dominant features. Bleeding after surgery, tooth extrac Me 
and childbirth occur. Spontaneous pelvic hematomas 
hematomas after trauma are also seen. This pattern of be 
more closely resembles the bleeding in hemophilias, (Refee 
Chapter 27.) 

Platelet function tests are normal in affected individual, 
but the prothrombin time is abnormal. Specific assays fo 
platelet factor 3 activity, which measures the platelet conn. 
bution to coagulation, should be abnormal. 

Treatment for bleeding is usually with platelet transfusiogs 
to provide platelet procoagulant activity. Concentrates of pro. 
thrombin complex proteins have been used but have a Tisk 
of thrombosis, and therefore should be used only for serious 
bleeding problems. 


fferent ftom o 


von Willebrand Disease 
yon Willebrand disease is an inherited deficiency of vWF 
that may be confused with a primary platelet defect becuse 
of the similarities in clinical presentations between vw 
Willebrand disease and platelet disorders. von Willebrand 
disease was originally termed parahemophilia, because itis 
congenital bleeding disorder; however, it has a different inher 
itance pattern and different bleeding pattern than hemophilia” 
VWF is a large, multimeric g!ycoprotein coded for bya 
gene located on chromosome |2 (Fig. 26-8). vWF is sj 
thesized by vascular endothelial cells and stored in Weibt 
Palade bodies. A small amount of yWF is also synthesized 
megakaryocytes and stored in the platelet « granules. Polym 
ization of vWF occurs in endothelial cells with the poe 
tion of high molecular weight multimers. vWF-clea"™ 
protease (ADAMTS 13) reduces the size of the multe 
at the time vWF is secreted into the plasma. Sper 
VWF forms a complex with factor VIII, the protein on 
deficient or defective in hemophilia A. vWF acts yaa 
rier protein for factor VIII, serving to protect the = col 
molecule from proteolytic degradation and increase 1 ‘ua 
centration at the site of tissue injury. In normal er 
plasma levels of factor VIII closely correlate with P 
levels of vWF, ee te 
The role vWF plays in hemostasis is quite me vor 
seen from the bleeding manifestations in patients 
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Chromosome 12 


x Chromosome Endothelial cell 
Liver cell Megakaryocyte 
o Factor VIII WF subunit 
VWF multimers 


(Factor VIII) (vsWF multimers) 
Factor Vill/von Willebrand factor (vWF) complex in plasma. 


disease. VWF is an important adhesive protein 
injury. It serves as a ligand between plate- 
shet endothelium, and other adhesive proteins such 
in (Fig. 26-9). VWF has distinct domains for 
ting to platelet GPID/IX/V, GPIIb/IIIa, and subendothe- 
jial components heparin and collagen. Platelet GPIb serves 
gsthe major receptor for vWF. Platelet adhesion is dependent 
‘on subendothelium, GPIb/IX/V, and vWF. In von Willebrand 
disease, the platelets that are intrinsically normal exhibit 
abnormal adhesion because of the absence or dysfunction 
of WWE. VWF promotes secondary hemostasis by function- 
ing as a carrier for factor VIII. In von Willebrand disease, 
absence or dysfunction of vWF results in decreases in factor 
Vill and abnormal secondary hemostasis. 


GP Ib GP Ilb-Hlla 


~_ Subendothelium 


4 
= GURE 26-9 Schematic representation of the interactions between 

"Platelets, and Collagen of the subendothelium. vWF synthesized by 

And can be Cells is released in plasma, stored in the granules of platelets, 

after stimulation. vWF mediates platelet adhesion 

Prese to collagen and to platelet glycoprotein Ib (GPIb) in the 

Forget ogsnn as well as the platelet GPlib/Illa in the presence of 

; 4gonists (th to factc 
FV) ahead rombin, collagen, ADP). vWF also binds to factor 
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Measurements of factor VIII activity, vWF antigen, and 
VWF activity are important in differentiating von Willebrand 
disease from hemophilia A and to define the types of von 
Willebrand disease. : 

von Willebrand disease comprises both quantitative and 
qualitative abnormalities of the large multimeric vWF glyco- 
protein. Affected individuals exhibit mucocutaneous bleeding 
typical of defects of primary hemostasis, in contrast to the joint 
and deep muscle bleeding typical for hemophilia. The disorder 
has an autosomal pattern of inheritance but has variable pen- 
etrance for expression in affected individuals. Severe cases 
are characterized by recurrent, potentially life-threatening 
bleeding, whereas mild cases may go undetected. Diagnosis of 
von Willebrand disease is often difficult because of the vari- 
ability of abnormal laboratory results within affected individ- 
uals or family members. vWF and factor VIII are both acute 
phase reactant proteins, and plasma levels may be increased 
with stresses such as inflammation, surgery, and pregnancy 
or with estrogen therapy. Furthermore, the levels of vWF vary 
with ABO blood types, with the lowest levels being seen in 
individuals of O blood type. 


Classification von Willebrand disease can be classified into 
three general categories: 


1. Type 1, an autosomal-dominant disorder accounting for 
70% of all cases, which is characterized by a quantitative 
decrease in normal vWF and mild bleeding 

2. Type 2, which has variable inheritance with numerous 
subtypes, accounts for most of the remaining cases and is 
characterized by a qualitative abnormality in the structure 
of VWF 

3. Type 3, a rare autosomal-recessive disorder characterized 
by absent levels of VWF multimers and a severe bleeding 
diathesis very similar in presentation to hemophilia A” 


von Willebrand Normandy (type 2N) is an unusual 
type 2 variant of von Willebrand disease that is charac- 
terized by a defect in the vWF binding to factor VIII, This 
disorder is sometimes confused with mild Hemophilia A 
because the factor VIII coagulant level is reduced but the 
vWE antigen and activity levels are normal or elevated. 
Clinically, the bleeding diathesis associated with von Wil- 
lebrand “Normandy” is similar to other patients with type 
2 von Willebrand disease. 

A platelet-type von Willebrand disease has also been 
described. It is a platelet disorder characterized by increased 
binding of normal vWF to platelets caused by point muta- 
tions in platelet glycoprotein Iba (GPIba). The disorder also 
appears to be inherited in an autosomal dominant pattern. 
There is variable thrombocytopenia, possibly due to shortened 
platelet survival from this increased vWF binding to platelets. 
Platelet transfusions and von Willebrand factor concentrates 
are the most effective treatments.” 


Laboratory Evaluation 

The routine laboratory evaluation of patients suspected of 
having von Willebrand disease includes a bleeding assess- 
ment tool, PFA-100 assay, platelet count, factor VII coag- 
ulant activity, quantitative measurements of plasma vWF 
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antigen (vWF:Ag) by crossed immunoelectrophoresis or 
agarose gel electrophoresis, and functional assays of platelet- 
dependent vWF activity (ristocetin cofactor activity or the 
newer vWF:GPIb alpha binding assays).‘! Subtypes of von 
Willebrand disease can be distinguished according to the 
vWF:Ag, vWF activity, factor VIII coagulant activity, and 
multimeric pattern on gel electrophoresis. All types of von 
Willebrand disease will have reduced vWF activity, but other 
laboratory findings will vary between the types. This may 
lead to uncertainty about the diagnosis, and genetic analysis 
may be useful to confirm a diagnosis. Platelet-type von Will- 
ebrand disease has reduced plasma vWF levels, reduced low 
molecular weight vWF multimers, and enhanced vWE bind- 
ing similar to type 2 von Willebrand disease. Since the defect 
occurs on the platelet surface, VWF from affected individuals 
will bind normally to normal platelets, and vWF from nor- 
mal individuals will bind abnormally to platelets of affected 
individuals. 

Molecular testing may complement phenotypic laboratory 
testing. This technique is expensive and not widely available, 
which limits its use. It appears most helpful in diagnosis for 
differentiating type 2N from Hemophilia A and in differen- 
tiating type 2B and from platelet type vWD and in genetic 
counseling for type 3 vWD.3%*2 


Treatment 

For patients with type I von Willebrand disease, DDAVP is 
considered the initial treatment of choice. DDAVP stimulates 
the release of VWF from endothelial cell Weibel-Palade bodies. 
Baseline plasma vWF antigen and activity increase about three- 
to four-fold after DDAVP administration. vWF stores within the 
endothelial cells are depleted after about 3 to 4 days of DDAVP 
treatment. Patients requiring longer treatment or those who 
do not achieve an adequate response to DDAVP may require 
the use of intermediate purity factor VIII products such as 
Humate P, which contain intact vWF. Cryoprecipitate has been 
used in the past, but NIH guidelines suggest that cryoprecipi- 
tate only be used under rare circumstances to treat VWD, such 
as when potential exposure to infectious agents can be limited 
by using directed donations to prepare the product. The use of 
cryoprecipitate is strongly discouraged by the National Hemo- 
philia Foundation, except in life- or limb-threatening situations 
when no VWF concentrate is available, because cryoprecipi- 
tate is not virally inactivated. In late 2015, a recombinant von 
Willebrand factor concentrate, Vonvendi, was approved for use 
in the United States. As it does not contain factor VIII coagu- 
lant protein, supplementation of the first dose with recombinant 
factor VIII coagulation factor concentrate is often required, 

Patients with type 3 von Willebrand disease do not make 
vWF and do not respond to DDAVP. Therefore, they must 
be treated with intermediate purity factor VIII products or 
recombinant vWF with recombinant factor VIII. 

There are many subtypes of type 2 von Willebrand disease, 
some of which respond to DDAVP and some of which do not, 
Thrombocytopenia may be present and worsen with DDAVP 
in the type 2B variant due to increased yWF binding.” In 
many of the type 2 variants, response to therapy is difficult 
to quantitate and may require measurement of PFA-100 with 


determination of correction of platelet funcr 

tration of appropriate therapy. 
Antifibrinolytic agents can be Utilized 
therapy in all patients with von Willebrand ise Athans 
procedures, local measures are used, and ren), Odes, 
they 


ion after aa. 
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might not be necessary. replacement iy 
Treatment of platelet-type von Willebrand dic 
measures to increase plasma vWF can actually em % 
bocytopenia by inducing clearance of platelets fon 
culation. For minor bleeding, antifibrinolytic then. = 
suffice. DDAVP can be considered if a prior tri) in Re 
ing effectiveness in raising vWF ristocetin Cofactor 
and safety regarding a decrease in platelet count — 
has been demonstrated for the patient, Platelet transfy me 
the thrombocytopenia is severe and vWF-rich concen, : 
vWF is low are the most effective treatments. ' 


Acquired Qualitative Platelet Disorders 

Platelet dysfunction can also be caused by MANY system 
illnesses and medications (Box 26-4). In these diseases 
platelet dysfunction is a secondary manifestation and poy pe 
cally one of the primary presenting features of these disonjy 
Acquired causes of platelet dysfunction are more commonly 
encountered than congenital platelet disorders: however, the 
results of platelet function tests can appear similar to the 
seen with congenital disorders. To differentiate bepyee 
acquired and congenital causes of platelet dysfunction, aca 
ful history and physical examination as well as family histor 
must be obtained. 


Uremia 

Bleeding and thrombosis are recognized complications 
uremia, Patients with acute and chronic renal failure genes 
ally exhibit bleeding from mucous membranes." Petechiae, 
purpura, epistaxis, ecchymosis, and gastrointestinal bleediag 
are common. Severe hemorrhage within serous cavities a 
muscles may also occur. 

A number of different laboratory findings and clinica 
symptoms suggest that platelet dysfunction with abnonm 
platelet-vessel wall interaction is the major cause of platelet 
dysfunction and hemorrhage. Studies have shown an abnom! 
ity in the interaction of vWF and platelet GPIIb/Illa complet 


in uremic patients; however, platelet membrane glycoprolet® 
Ib, IIb, and IIa are quantitatively normal, Other platelet abnet 
malities seen in uremia include abnormal prostaglandin 9" 
thesis, decreased membrane procoagulant activity, decreas? 


)X 26-4 Acquired Qualitative Platelet Disorder 


Renal disease (uremia) 

Liver disease 

Paraproteinemias 
Myeloproliferative disorders 
Acquired von Willebrand disease 
Cardiopulmonary bypass 
Acquired storage poo! deficiencies 


Drug therapy at 


‘onin release, abnormal B-thromboglobulin 
ted intracellular calcium, and decreased throm- 
ive el shesis. Increased levels of “uremic toxins,” such 
succinic acid and phenols, are rather consistent 

ido: ‘ents with uremia. The acquired platelet defects 
igs ith uremia are thought to be primarily mediated 
cts. A correlation of the metabolic changes 
exsct mechanism of the functional defect has not 
established. There may also be a defect in platelet 
since platelets in some uremic individuals demon- 


reduced fibrinogen binding, secretion, and aggregation 
strate 


Lad 
with the 


Saree thrombocytopenia with platelet counts as low as 
x 10%L, decreased adhesion, and abnormal aggregation 
100 al laboratory findings often seen in patients with 
ae Drug interactions with platelets affecting platelet 
function may also contribute. Activation of platelets from the 
ig filter may also promote bleeding in individuals on 
js, Platelet aggregation studies in uremic patients typ- 
jeally show no characteristic patterns. 
The anemia of renal failure may contribute to the hemo- 
atic defects observed in uremic patients. Red blood cells 
may play a role in hemostasis by improving factor VIII coag- 
function and by providing ADP, a platelet-aggregating 
EPO (r-HuEPO) therapy has proved to be effective in 
p sno hemostasis and decreasing the bleeding tendencies 
inuremic patients on dialysis. 

Hemodialysis or peritoneal dialysis is the treatment of 
choice to correct the hemostatic defect in uremia. However, 
platelet function abnormalities may remain. Administration of 
cryoprecipitate to patients unresponsive to dialysis has been 
used to correct acute bleeding. The use of DDAVP in uremic 
patients has also prevented clinical bleeding in patients after 
surgical procedures and has shortened the prolonged bleeding 
time. Conjugated estrogens have been reported to shorten the 
bleeding time in uremia and limit bleeding in patients who 
develop gastrointestinal telangiectasias. The mechanism of 
action of these therapeutic measures is not clear, 


Liver Disease 

Chronic liver disease is often associated with a significant 
temorthagic diathesis as a result of multiple alterations in 
is, including platelet dysfunction. Mild to moder- 
ae thrombocytopenia is seen in approximately one-third of 
Patients with chronic liver disease as a result of splenic seques- 
talion secondary to congestive splenomegaly associated with 
ion. Abnormal platelet function tests found 
ts with chronic liver disease include reduced platelet 
on; abnormal platelet aggregation to ADP, epinephirine 

thrombin; and abnormal PF3 availability. An acquired 


un Tesponsible for the platelet defects seen in chronic 
disease is not known, 

~ ment of bleeding in a patient with chronic liver dis 

Tequire several modalities simultaneously to correct 

ple abnormalities present. Transfusion with platelet 

May ameliorate the bleeding and thrombocy- 

4SOciated with chronic liver disease; however, the 
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expected rise in platelet count following a transfusion may 
be blunted if splenic sequestration or increased platelet con- 
sumption occurs, Avatrombopag was originally approve a 
for clinical use to increase platelet counts in patients with 
cirthosis before surgical procedures. DDAVP may improve 
the qualitative platelet defect associated with this disorder. 
The numerous coagulation factor deficiencies common 1n 
chronic liver disease typically require the administration of 
fresh frozen plasma to correct the coagulation abnormalities. 
Recombinant factor Vila is associated with a thrombotic risk 
and is not used in this situation. Use of conjugated estrogens 
may decrease the overall bleeding tendency after an acute 
episode. 


Paraproteinemias ay 
Patients with lymphoproliferative malignancies may exhibit 
both hemorrhagic diatheses and hypercoagulability. These 
hemostatic alterations are complex and multifactorial. Clin- 
ically significant bleeding is a manifestation associated with 
multiple myeloma, Waldenstrém’s macroglobulinemia, and 
other related malignant paraprotein disorders. The pathogen- 
esis of hemorrhage and other recognized hemostatic abnor- 
malities has been proposed to be caused by the interaction of 
the paraprotein with platelets and coagulation factors. Clinical 
bleeding and platelet dysfunction are seen in approximately 
60% of patients with IgM monoclonal gammopathy (Walden- 
strém’s macroglobulinemia) compared with approximately 
40% of the patients with IgA myeloma and 15% of patients 
with IgG myeloma. 

The hemorrhagic diathesis of paraproteinemias correlates 
with the impairment of platelet function. Thrombocytopenia 
and inhibition of coagulation factors may also contribute to 
the bleeding tendency. Patients may present clinically with 
spontaneous epistaxis and ecchymosis, or unexplained post- 
operative bleeding in the face of a normal platelet count and 
coagulation profile. Patients with malignant paraprotein dis- 
orders should not ingest aspirin or aspirin-containing drugs 
because this may exacerbate the platelet defect. Uremic plate- 
let dysfunction associated with renal failure often seen in the 
malignant paraproteinemias may also contribute to the hem- 
orrhagic episodes. 

Platelet abnormalities include decreased aggregation in 
response to various aggregating agents, altered shape change, 
and abnormal release reactions. Acquired von Willebrand syn- 
drome causing reduced levels of yWF/factor VIII complexes, 
other circulating anticoagulants, amyloid-associated coag- 
ulopathies, impaired fibrin formation and polymerization, 
hyperviscosity syndrome, nephrosis, and DIC represent addi- 
tional abnormalities that predispose patients with paraprotein- 
emia to bleeding 

Thrombocytopenia, unrelated to the paraprotein effect, 


may result from marrow replacement, chemotherapy, or 
hypersplenism and is a common finding contributing to the 
incidence of significant bleeding 


Therapy for patients with qualitative defects resulting 
from multiple myeloma and related disorders includes plas- 
mapheresis to reduce the circulating paraprotein concentra- 
tions and chemotherapy to inhibit paraprotein production, 
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Blood product support and other therapies may be required 
when additional hemostatic abnormalities are present. 


Myeloproliferative Neoplasms 

The MPNs include polycythemia vera (PV), primary myelo- 
fibrosis (MF), chronic myelogenous leukemia (CML), and 
essential thrombocythemia (ET) (see Chapters 18 and 19). 
This group of disorders has many clinical and hematologic 
features in common, but the hemostatic and thrombotic prob- 
lems are variable. The hemorrhagic manifestations include 
ecchymosis, epistaxis, and mucocutaneous bleeding from the 
gastrointestinal and genitourinary tracts. Thrombosis occurs 
in both the arterial and venous circulation and includes deep 
vein thrombosis, pulmonary embolism, stroke, myocardial 
infarction, and thrombosis of the hepatic, portal, splenic, 
and mesenteric veins. Patients may present with bleeding 
and thrombosis simultaneously or alternate with bleeding and 
thrombotic episodes as the disease progresses. Intrinsic plate- 
let function defects are noted frequently and may contribute to 
a bleeding tendency. In many cases, thrombocytosis is a con- 
tributing factor, especially for thrombotic problems in patients 
with an MPN. Older age, cardiovascular risk factors, previous 
thromboses, and presence of a JAK2 V617F mutation are risk 
factors for thrombosis. 

Aggregation pattems in these disorders are usually not 
characteristic. The most consistently noted laboratory abnor- 
malities include abnormal release and aggregation in response 
to epinephrine, collagen, and ADP, but these findings vary 
from patient to patient with the same type of MPN. Other 
reported abnormalities include acquired storage pool defects, 
abnormal prostaglandin and arachidonic acid metabolism, and 
platelet hyperactivity. 

Thrombosis is a major complication of PV owing to an 
increased red blood cell mass with increased whole blood 
viscosity and thrombocytosis. The JAK2 V617F mutation 
appears to have an effect on both platelets and nonhemato- 
poietic cells to promote thrombosis.** Thrombocytosis is gen- 
erally moderate, in the range of 500 X 10°/L to 1 X 10!°/L, 
and is seen in approximately 50% to 60% of cases. Phlebot- 
omy as treatment to limit erythropoiesis with development 
of iron deficiency may worsen the thrombocytosis. Bleeding 
less commonly occurs and is often due to peptic ulcer disease 
due to histamine from associated basophilia. Platelet function 
defects occur in approximately 50% to 60% of cases and may 
contribute to the bleeding risk. Abnormal platelet aggrega- 
tion in response to epinephrine, ADP, and collagen has been 
reported in PV. Platelet activation and intravascular coagula- 
tion with increased plasma levels of B-thromboglobulin, low 
platelet serotonin levels, and abnormal levels of fibrinogen 
and prothrombin have also been reported in cases of PV. 

Patients with MF may experience bleeding, such as 
ecchymosis and urogenital hemorrhage. Thromboembolic 
complications, with the exception of hepatic and portal vein 
thrombosis, occur rather infrequently. It has been suggested 
that of all the MPNs, MF has the greatest degree of platelet 
function defects. Decreased platelet adhesion is a relatively 
common finding in patients with MF. Storage pool deficien- 
cies and impaired platelet aggregation have also been reported, 


ET presents with thrombocytosis and j 
both bleeding and thrombosis, although 64 *SS0Ciateg 
occur more often. Evidence Suggests that ing ey 8 
alone does not account for the bleeding and bay 
sodes seen in ET, but the combination of thro homo 
abnormal platelet function determine the hem, - lS ay 
ET. Decreased platelet aggregation in re ones defen, 

SPOnse to L 
as well as decreased platelet retention are not Nii 
with ET. Impaired PF3 availability ang platelet 
have been reported in patients with thrombosis inEr ene 
platelet defects have been described in ET, but pre T. Sey 
predisposes an individual patient to bleeding of lsely yh 
manifestations is still uncertain, thong 

Bleeding and thrombosis occur least frequently j 
with CML. When present, bleeding includes Be 
ous hemorrhages, retinal hemorrhages, and bee 
is thought that acquired platelet defects may be res t 
for this bleeding as a result of dysplastic platelet ae 
Thrombocytopenia, as occurs with transformation to blast 
sis, also results in a bleeding tendency. Decreased or ae 
platelet aggregation in response to ADP, epinephrine ai 
collagen have been reported in cases of CML. Factor Vie 
ciency has been reported in some cases of CML, Increases 
platelet vWF have also been noted. 

Reduction of the risk of hemorrhage and thrombos, 
is a principal therapeutic goal in treatment of the MPN 
Cytoreductive chemotherapy to control erythrocytosis anf 
thrombocytosis reduces these risks and helps control symp. 
toms. In patients with marked thrombocytosis and ceren! 
ischemia, plateletpheresis in addition to chemotherapy my 
be helpful. Aspirin therapy is useful to prevent thromboss 
in PV and ET or to treat a specific complication of pix 
and erythema of the hands termed erythromelalgia but ma 
worsen a preexisting bleeding tendency. Hemorrhage my 
require administration of platelets to replace endogenos 
dysfunctional platelets. 


Acquired von Willebrand Disease 
Acquired von Willebrand disease is a rare bleeding disor 
that has been found in patients with myeloproliferative & 
orders, lymphoproliferative diseases, monoclonal gammo 
thies, autoimmune disorders, and cardiovascular disorées* 
Most patients are older, with no previous history of bled#s 
Bleeding presents with an insidious onset and manifess ® 
mucocutaneous or posttraumatic hemorrhage. k 
Pathologically, this disorder is caused by production 08 
antibody that specifically interacts with vWF. Aqui 
Willebrand disease is caused by a diverse group ie 
ders, and the associated antibodies are a heterogeneous 
that interact differently with the yWF protein from ar 
patient. Because these antibodies are so varied, the im é 
findings seen in acquired yon Willebrand ptt a 
variable from patient to patient but may include °° 


Fine /F:Ag 
plasma levels of factor VIII coagulant activity, ee 
vWF activity, and abnormalities in vWF meget suflc™ 


Platelet vWF is generally normal. No single ‘i 
to establish or exclude this disorder. The tyPi* 
tor VIII coagulant activity and vWF activity * 
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jpitate seen in congenital von Willebrand disease 


of ayer i the acquired form because of neutralization of 

is not tivities by antibody. tet ft 

nese ous remission or remission after therapy for the 
spon! disease is typical of this disorder, Therapeutic use 

ynderly! has been observed to correct the bleeding time 

af pDA the level of vWF. vWF-containing concentrates, 


and spore Factor Vila, intravenous gamma globulin, antifi- 

ae plasmapheresis to remove antibodies are used 

not “398 bleeding. Treatment of the underlying cause is 
t a for long-term control. 


onary Bypass 

cr Od States, approximately 400,000 patients per 
In the ergo cardiopulmonary bypass surgery. Alterations 
year eA and life-threatening hemorrhage have been 
in aaa nted. Various hemostatic abnormalities are impli- 
jn the development of the hemorrhagic manifestations 
f cardiopulmonary bypass surgery. These abnormalities 
m jude decreases in platelet number and function, factor 
feficiencies resulting from consumption and hemodilu- 
ee increased fibrinolytic activity, DIC, and inadequate or 
ness neutralization of heparin with protamine.*’ Platelet 
sctivation and platelet dysfunction account for the majority 
of bleeding complications seen during this procedure. Pro- 
mechanisms include platelet activation with granule 
release during exposure to the extracorporeal unit and 
in degradation of platelet membrane receptors. Post- 
bypass diffuse microvascular bleeding occurs with greater 
frequency in patients undergoing repeat surgery or compli- 
cated cardiac procedures compared with patients undergoing 

surgery for the first time. 

Platelet concentrates are administered to stop bleeding. 
Fresh frozen plasma and cryoprecipitate should be given only 
to treat bleeding associated with coagulation factor deficien- 
cies. DDAVP is often given prophylactically for high-risk 
patients or to stop bleeding afier it occurs. Antifibrinolytic 
agents may also help to minimize postoperative blood loss. 


Acquired Storage Pool Deficiencies 

Acquired storage pool deficiencies have been reported in 
patients with SLE, ITP, TTP, DIC, HUS, MPNs, hairy cell leu- 
kemia, acute nonlymphocytic leukemia, chronic lymphocytic 
leukemia, and in cardiopulmonary bypass. The acquired plate- 
let defect in each disorder may be variable and can be caused 
by either production of dysfunctional platelets (i.e,, MPNs) or 
depletion of storage pool constituents resulting from injury or 
activation (DIC). 


Drug Therapy 
4 large Variety of pharmacological drugs may affect platelet 
unction (Box 26-5). Some drugs may induce thrombocytope- 
mA. Other drugs alter platelet responses. Drug-induced alter- 
cine, hemostasis that cause activation of platelet function 
¥ Manifest as thrombosis, whereas drugs that inhibit 
tal “oar Clinically manifest as hemorrhage. Individ- 
M Be ety to the effects of these drugs varies greatly. 
ities n, the acquired drug-induced hemostatic abnormal- 
Crved are transitory and disappear when the drug is 
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BOX 26-5 Drugs That Can Inhibit Platelet Function 


Aspirin 
Sulfinpyrazone 
Dipyridamole 
Clopidogrel, Prasugrel, Ticagrelor 
Antimicrobials 
* Penicillins 


* Cephalosporins 
Dextran 
GP IIb/llla inhibitors 
* Abciximab 
* Tirofiban 


* Eptifibatide 
———— 


discontinued. However, other effects, such as those seen in 
HITTS, may be irreversible or disappear more slowly. 

Drugs that inhibit platelet function do so by a variety of 
mechanisms that include altering prostaglandin synthesis, 
phosphodiesterase activity, platelet membrane or membrane 
receptors, and cyclic adenosine monophosphate (cAMP) lev- 
els. However, the mechanism of platelet inhibition for many 
drugs is still uncertain. 

Aspirin has been well documented to inhibit platelet aggre- 
gation and platelet secretion in response to ADP, epinephrine, 
and low concentrations of collagen. Aspirin inhibits prosta- 
glandin synthesis by irreversible acetylation and inactivation of 
cyclo-oxygenase (COX-1), thereby inhibiting endoperoxide 
and thromboxane A, synthesis, which are two important media- 
tors of platelet release. The inhibitory effect of aspirin on throm- 
boxane A, synthesis remains for the life span of the platelet. 
Aspirin also inhibits endothelial cell synthesis of prostacyclin; 
however, inhibitory action is predominantly against platelet 
cyclo-oxygenase. Low-dose aspirin treatment takes advan- 
tage of this differential effect on vascular and platelet cyclo- 
oxygenase. Patients with hemophilia, von Willebrand disease, 
or major underlying hemostatic defects may develop signifi- 
cant or spontaneous bleeding after aspirin ingestion and should 
avoid aspirin or aspirin-containing compounds. Salicylate and 
choline magnesium trisalicylate do not contain an acetyl group 
and do not inhibit cyclo-oxygenase. These drugs are preferable 
in patients with underlying hemostatic disorders. 

Certain other nonsteroidal anti-inflammatory agents 
(NSAIDs), such as indomethacin, ibuprofen, phenylbuta- 
zone, and naproxen, can induce significant platelet dysfunc- 
tion by inhibiting prostaglandin synthesis. These drugs inhibit 
cyclo-oxygenase, but the effect is reversible. The selective 
COX-2 inhibitor celecoxib does not affect platelet function 
but still has been associated with gastrointestinal bleeding due 
to its COX-2 effect. 

Other drugs suppress platelet function by inhibiting cAMP 
production, cAMP plays a major role in mediating platelet 
activity. Platelet response is inhibited when intracellular ley- 
els of cAMP are raised. Drugs such as dipyridamole inhibit 
phosphodiesterase, an enzyme capable of inactivating cAMP, 
resulting in increased CAMP levels in platelets. Dipyridamole 
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has a mild effect on platelet function by itself and does not 
prolong the bleeding time; however, when administered in a 
time release form with aspirin (Aggrenox), it exerts a greater 
antiplatelet effect. 

Clopidogrel, prasugrel, and ticagrelor are utilized in 
patients undergoing cardiac catheterization and coronary stent 
placement and in patients with transient ischemic attacks or 
completed strokes to inhibit platelet function. Their mecha- 
nism of action is inhibition of platelet aggregation by binding 
to platelet surface P2Y12 ADP receptors to reduce platelet- 
fibrinogen binding. This effect is irreversible and lasts the life 
of the affected platelet. These drugs are often used in conjunc- 
tion with aspirin therapy to induce two separate mechanisms 
of platelet inhibition. When drugs such as these with differing 
mechanisms are utilized together, the hemorrhagic complica- 
tions may increase. 

Antimicrobial drugs such as penicillin, ampicillin, and car- 
benicillin may inhibit platelet function through interference 
with membrane or membrane receptors. When administered 
in high doses, bleeding may occur. Cephalosporin antibiotics 
may also inhibit platelet function by affecting platelet aggre- 
gation, platelet secretion, and platelet adhesion. 

Dextran also impairs platelet function and may cause 
bleeding. Platelet function tests such as aggregation, PF3 
availability, and platelet retention have all been shown to be 
abnormal with the use of dextran. It is believed that dextran 
interferes with the platelet surface membrane to cause platelet 
dysfunction. 

Several GPIIb/IIIa receptor antagonists have been devel- 
oped and approved for intravenous human use in acute coro- 
nary syndromes or for percutaneous coronary interventions, 
such as angioplasty or stent placement, to prevent reocclu- 
sion. Abciximab (Reopro) is a mouse-human chimeric Fab 
fragment that exhibits irreversible, noncompetitive binding 
to platelets. Recovery of platelet function is noted by 48 
hours after administration, but platelet-bound antibody is 
still detectable for 14 days after administration. Eptifibatide 
(Integrilin) is a cyclic heptapeptide that contains a lysine- 
glycine-aspartic acid (KGD) sequence similar to that found 
on adhesive proteins such as fibrinogen or vWF. This peptide 
has reversible, competitive binding to platelets, with recovery 
of platelet function 2 to 4 hours after administration. Tiro- 
fiban (Aggrastat) is a nonpeptide GPIIb/IIIa inhibitor that also 
exhibits reversible, competitive binding to platelets with a 
similar recovery of platelet function in 2 to 4 hours. 

Bleeding is a potential complication of all of these anti- 
thrombotic drug treatments and is often noted when excessive 
doses of heparin are used concomitantly with these drugs. 
Heparin dosing based on body weight has reduced the risk of 
serious and fatal bleeding complications. Thrombocytopenia, 
which may also occur with the GP IIb/IIIa receptor antag- 
onists, as noted in the previous discussion of drug-induced 
thrombocytopenias, is a less frequent complication but may 
be severe (less than 10 X 10°/L) and contribute to the bleeding 
tendency with use of these drugs. Onset of the thrombocy- 
topenia is rapid, usually within 12 to 24 hours of treatment. 
Thrombocytopenia caused by these agents is often mistaken 
for heparin-induced thrombocytopenia because patients 


typically are given both agents concomitantly, 
tous onset of thrombocytopenia after initiation : Precip. 
may be helpful in differentiating GPIIb/II[q inhibitor, herap, 
thrombocytopenia from heparin-induced thromboc ind 
Thrombocytopenia appears to occur more fre 
abciximab than with eptifibatide or tirofiban. 

Numerous other conditions have been associa 
acquired platelet defect. These include paroxysm, 
hemoglobinuria, infectious mononucleosis, sey 
B,, deficiency, diabetes, hyperbetalipoproteine, 
ital heart defects, and hypothyroidism. The pai 
these various disorders is uncertain. 
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Vascular Disorders 


Purpura can be caused by abnormalities of skin, Connective 
tissue, or blood vessels, or may be a result of inflammatory | 
processes that are not associated with quantitative or qualita. 
tive platelet disorders. These may be congenital or acquired 
vascular disorders and are listed in Box 26-6. 


Primary Purpura 

Primary purpura comprises disorders that result in bruising but 
are not associated with any specific disease. Simple purpura 
or “devil pinches” occur as a result of increased skin fragility 
The bruising is usually mild and occurs with minimal trauma 
Often, there may be a family history of easy bruising, Mechan- 
ical purpura occurs as a result of sudden increases in capillary 
pressure and usually manifests as petechiae. Sneezing, cough. 
ing, Valsalva maneuvers, or seizures may cause this problem, 
Actinic (senile) purpura, which is seen in older individuals, 
is similar to that occurring in individuals who are receiving 
corticosteroid therapy. In these disorders, the purpuric lesions 
usually occur on the hands and arms and result from loss of sub- 
cutaneous tissue and support of blood vessels in affected skin. 
Factitious purpura is caused by self-induced trauma and usually 
is found on areas of the body that are easily accessible. The 
purpura may be caused by pinching, suction applied to the skin, 
ora blow to the skin. An entity termed psychogenic purpura has 
been described that is seen in individuals with emotional prob- 
lems, often after severe trauma or extensive surgery, which may 
be a hypersensitivity reaction to red blood cell membrane com- 
ponents or DNA hypersensitivity. Various skin disorders such 
as Schamberg’s purpura (progressive pigmentary dermatosis) 
and related conditions result in purpuric lesions. These lesions 
are usually seen bilaterally on both lower legs and appear as @ 
result of a noninflammatory disorder of capillaries of the skin 
If the disorder is long-standing, hemosiderin pigmentation is 
noted in previously involved areas. 


Secondary Purpura 

Secondary purpura results from another disease process and 
is just one of the manifestations of that disease process. Thes? 
disorders are acquired and have no associated family history: 


Infectious Purpura 

Purpura may result from various infectious diseases 
Bacterial infections such as meningococcemia, diphthena, 
streptococcal or staphylococcal bacteremia, and rickettsial | 
infection such as Rocky Mountain spotted fever or parasiti¢ | 
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: Drug sensitivity 
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~ Cushing's syndrome 
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. Gardner-Diamond syndrome 
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Purpura Secondary to Dysproteinemia 
+ Waldenstrom’'s purpura 

+ Cryoglobulinemia 

+ Amyloidosis 


« Hyperviscosity syndrome 


Vascular and Connective Tissue Disorders 

+ Hereditary hemorrhagic telangiectasia 

* Angiodysplasia 

* Giant hemangiomas (Kasabach—Merritt syndrome) 
* Ehlers-Danlos syndrome 

+ Marfan syndrome 

+ Pseudoxanthoma elasticum 


* Osteogenesis imperfecta 
ne 


infection by malaria may cause purpura. The purpura may be 
ued by direct damage to blood vessels by the particular 
Mganism (vasculitis) or result from the effects of endotoxin 
m blood vessels. Septic emboli to the skin (ecthyma gan- 
pon) May be seen in endocarditis. In the Waterhouse- 
nal hem syndrome, Meningocoecemia results in adre- 
Pura. fy orrhage with adrenal insufficiency and shock. Pur- 
ceurs ¢ mans is an acute purpuric syndrome that usually 
flowed by ser shock, with development of ischemia 
the fingers and peabosis and necrosis of affected areas, often 
tions, ad rae Meningococcemia, streptococcal infec- 
Problem, th infections may provoke this life-threatening 

€ individual survives, necrosis of the fingers 
May require amputation. DIC is often seen with 
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Heparin may be used when large vessel thrombosis or central 
Venous catheter thrombosis occur. Warfarin should be avoided 
due to its effect on Protein C and S production. Activated Pro- 
tein C (Drotrecogin alpha, Xigris) concentrate and hyperbaric 
oxygen have been used to treat this disorder. 


Allergic Purpura 

Allergic purpura is the result of an allergic vasculitis. The pur- 
puric lesions are usually palpable due to their inflammatory 
nature. Schénlein-Henoch purpura is a vasculitis involving the 
skin, gastrointestinal tract, kidneys, heart, and central nervous 
system.” This syndrome is considered an immune complex 
disease and is characterized by involvement of capillaries with 
a diffuse perivascular infiltration by neutrophils, lymphocytes, 
and macrophages. Some patients have IgA deposition in the 
kidney and elevated serum IgA levels. This syndrome may be 
related to IgA nephropathy whereby similar IgA deposition in 
the kidney is noted. In Schénlein-Henoch purpura, the onset is 
abrupt, with a macular rash (usually symmetric) involving the 
lower extremities that becomes purpuric. In some individuals, 
the joint and gastrointestinal symptoms predominate, and the 
cutaneous expression is minimal. This disorder is seen most 
commonly in children. Renal dysfunction is common and typi- 
cally reversible in children. Overt renal failure is most common 
in affected adults. Schénlein-Henoch purpura may last several 
weeks and then recur (Fig. 26-10). 

Drug hypersensitivity may also result in allergic purpura. 
This must be differentiated from drug-induced thrombo- 
cytopenias that result in purpura. The mechanism by which 
these drugs cause purpura is not understood. Aspirin, atro- 
pine, iodides, penicillin, quinine, and sulfonamides have been 
described to cause allergic hypersensitivity purpura. 


Metabolic Purpura 

Metabolic purpura is caused by hormonal or biochemical 
abnormalities. Scurvy is caused by a deficiency of vitamin C. 
This was a common problem several centuries ago in sailors 
who did not have access to vitamin C on long voyages. In 
modern times, this disorder is found in refugees from war or 
famine, adults with inadequate or fad diets, and in alcohol- 
ics. Deficiency of vitamin C appears to cause a defect in the 
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FIGURE 26-10 Anaphylactoid (Schonlein—Henoch) purpura Purpuric 
lesions of the foot 
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synthesis of collagen in the walls of small blood vessels. Vita- 
min C is a cofactor for hydroxylation of proline and lysine 
in the production of collagen and keratin. A platelet function 
defect may also be present, with a decrease in the platelet 
adhesion reaction. Scurvy may present with leg swelling, 
pain, or discoloration. Subperiosteal bone bleeding is char- 
acteristic of scurvy and may be noted radiologically. Gingival 
bleeding and hemarthrosis may also be present. Perifollicu- 
lar hemorrhages with hyperkeratosis of the hair follicles and 
“corkscrew” hairs are characteristic of this problem. Vitamin 
C administration orally cures the disorder. 

Cushing’s syndrome caused by corticosteroid excess 
results in purpura (Fig. 26-11). The pathogenesis is identi- 
cal to that seen with steroid or purpura, including atrophy of 
the subcutaneous tissue and increased blood vessel fragility. 
Other cutaneous stigmata of Cushing’s syndrome include a 
“moon” face, pigmented abdominal striae, a “buffalo hump” 
on the lower neck and upper back, with wasting of the extrem- 
ities and an obese abdomen. 

Diabetes mellitus may be associated with retinal hemor- 
rhages. This is a result of vascular proliferation caused by 
retinal hypoxia. These fragile vessels may leak fluid or hem- 
orrhage because of their increased permeability and can result 
in retinal detachments. Laser photocoagulation and optimal 
control of hyperglycemia are treatments used for this prob- 
lem. No endogenous platelet or coagulation disorder is pres- 
ent in this situation. Similarly, sickle cell anemia and related 
disorders may also cause retinal hemorrhages by a similar 
mechanism and are treated with laser photocoagulation. 

Protein C deficiency may occur on a congenital or acquired 
basis and is a risk factor for thrombosis.*® An unusual syn- 
drome that resembles purpura fulminans can be present in 
neonates, resulting from inherited homozygous protein C 
deficiency. This disorder presents hours after birth and is usu- 
ally lethal. Protein C deficiency also results from oral antico- 
agulant therapy because protein C is a vitamin K-dependent 
protein. Rapid depletion of protein C by warfarin appears 
to cause a unique thrombotic disorder termed warfarin skin 
necrosis syndrome. This unusual disorder presents as painful, 
erythematous areas on the buttocks, breasts, legs, or penis, 


FIGURE 26-11 Steroid purpura (skin manifestations). 


which rapidly turn to hemorrhagic bullae 
necrotic. Cessation of warfarin and admini 
that contains protein C or activated Protein 
appropriate treatments. Vitamin K admin 
helpful but will usually not reverse the diso 
to prevent necrosis. 
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Purpura Secondary to Dysproteinemia 
Purpura caused by dysproteinemias encom 
orders. Benign hypergammaglobulinemic Purpura (Wy. S 
strém’s purpura) is a disorder of women that ear 
recurrent purpura on the lower extremities iat : 
hemosiderin staining of the skin similar to Schamber Sultan 
pura.*! Unlike Schamberg’s purpura, polyclonal oe Pur. 
globulinemia and an elevated erythrocyte sedimentation 
are noted. Mild anemia may be present. Purpura are a 
worse by leg dependency or wearing constrictive ices 
and improved with leg elevation and support Stocking 
(Fig. 26-12). Skin biopsy reveals necrotizing vasculitis 
Patients may develop Sjégren’s syndrome or Keratoconjune. 
tivitis sicca, suggesting this may be a vasculitis that Tesults 
from a connective tissue disorder. 

Cryoglobulinemia is caused by production of cryoprecip. 
itable serum proteins or protein complexes. This May result 
from primary plasma cell dyscrasias or from chronic yira 
infections such as hepatitis C. Exposure to cold May cause 
purpura on the skin of the extremities or face. The purpura 
may blister or ulcerate. The proposed pathogenesis for the 
purpura in the cryoglobulinemic disorders is vascular damage 
owing to precipitation of cryoglobulins. : 

Amyloidosis may cause purpura as a result of several mech- 
anisms. Easy bruising is common in amyloidosis, with “pinch” 
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nosis from skin pressure during shaving. 
opic PU jura OCCUTS when a patient with amyloido- 
“ti a head-down position for proctoscopic examina- 
isis?! “aracteristic purrs sea the Aches 26-13). 
jon, i use d by deposition 0 amy oi Protein around 
pleeding vessels, resulting in vessel fragility. Low factor X 
00 of factor X to amyloid fibrils, hyperfibrino- 
jevelS roto eX cessive fibrinolytic activity, and platelet func- 
Jater ns may enhance the bleeding tendency. Treatment 
ratio caused BY amyloidosis involves treatment of the 
‘sr din “sense with chemotherapy. Splenectomy has also 
ander Administration of plasma and platelet transfusions 
pect ually effective. Antifibrinolytic therapy, especially if 
6 naly3is is present, and recombinant Factor VIla may 
hyper | in controlling bleeding. 
fe io osity syndrome results from hypergammaglobu- 
ig owing to an increase in plasma viscosity. Blood flow 
jinem'2 4 because of hyperviscosity involving development 
z ‘schema and vascular injury, with resultant hemorrhage. 
ach gingival hemorrhages, and retinal hemorrhages are 
non: Central nervous system bleeding may be lethal. 
ne disorder is usually seen in IgM syndromes such as 
Waldenstrém’s macroglobulinemia, and IgA or IgG3 multiple 
myeloma. (Refer to Chapter 23.) It is rarely seen in multiple 
myeloma with other IgG subtypes. Treatment is with plasma- 
heresis to remove excessive IgM or IgG, and chemothera- 
peutic treatment of the underlying plasma cell dyscrasia to 


reduce paraprotein production. 


Vascular and Connective Tissue Disorders 

These disorders result from abnormal blood vessel structure, 
with purpura and bleeding caused by increased blood vessel 
permeability. Most of these disorders are congenital. 


Hereditary Hemorrhagic Telangiectasia 

Hereditary hemorrhagic telangiectasia (Osler—-Weber—Rendu 
syndrome) is caused by the development of telangiectasias of 
mucous membranes and skin (Fig. 26-14). This is an auto- 
somal-dominant disorder that usually becomes obvious in 
adolescence or early adulthood.*! Lesions develop on the 
tongue, lips, palate, face, and hands. Similar lesions are present 


FIGURE 
26-13 | 
distribution, Amyloid Purpura. Note characteristic periorbital 
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FIGURE 26-14 Tongue of a patient with hereditary hemorrhagic telan- 
giectasia, Note the multiple vascular telangiectases, which can occur 

in the nares, the oral mucous membranes, and throughout the gastro- 
intestinal tract. Recurrent bleeding requiring transfusions is a common 
manifestation. 


in nasal mucosa and throughout the gastrointestinal tract. The 
lesions blanch when pressure is applied, in contrast to pete- 
chiae, because these are vascular structures, not small hemor- 
thages. Chronic epistaxis and gastrointestinal bleeding occur 
and usually worsen as the patient grows older. Iron deficiency 
anemia is usual. The nasal bleeding can be difficult to con- 
trol but may be treated with nasal packing, cauterization, or 
laser photocoagulation. Systemic or topical use of tranexamic 
acid may control epistaxis acutely. Topical thrombin spray 
may also help to control epistaxis. Administration of paren- 
teral iron or red blood cell transfusions is usually necessary to 
treat the anemia. Estrogens, the estrogen receptor antagonist 
tamoxifen, and danazol have been reported to help in indi- 
vidual patients. More recently, it has been shown that patients 
with the disorder have elevated levels of plasma vascular 
endothelial growth factor (VEGF) and transforming growth 
factor-beta (TGF-B) secondary to mutations in the TGF-6 
signaling pathway. * These mutations disrupt vascular integ- 
rity and smooth muscle differentiation resulting in fragile 
blood vessels. VEGF is an angiogenesis factor that promotes 
endothelial cell proliferation, leading to the AV malformations 
and telangiectasias present in the disorder. Bevacizumab, 
a recombinant monoclonal antibody that inhibits VEGF, 
appears effective in reducing bleeding and in reducing high 
cardiac output due to the shunting from the vascular malfor- 
mations, Another antiangiogenesis treatment used as therapy 
for multiple myeloma is being evaluated in clinical trials to 
reduce vascular lesions and improve bleeding. 


Angiodysplasia 

Angiodysplasia is a disorder involving blood vessels of the 
gastrointestinal tract. The cutaneous lesions of hereditary 
hemorrhagic telangiectasia are not present, Vascular permea- 
bility leads to chronic gastrointestinal bleeding, anemia, and 
iron deficiency. This disorder has been associated with von 
Willebrand disease and may be caused by the effect of vWF 
on vascular structures. An acquired form of angiodysplasia has 
been reported in patients with aortic stenosis. In these patients, 


600 PART 4 Hemostasis and Introduction to Thrombosis 


aortic valve surgery has improved the bleeding. Hemicolec- 
tomy has been used to treat the gastrointestinal bleeding. 


Giant Hemangiomas (Kasabach-Merritt Syndrome) 

Giant hemangiomas may occur congenitally soon after birth 
and affect the skin, liver, and spleen. Unless these lesions 
spontaneously regress, DIC may develop. These hemangio- 
mas have numerous thin-walled blood vessels that produce 
thromboplastic substances to incite DIC, Treatment is usually 
surgical removal or radiation if surgery is not possible. Inter- 
feron has been used in a single case report. 


Congenital Connective Tissue Disorders 
Several rare congenital disorders of connective tissue proteins 
have been noted to cause purpura and bleeding. Ehlers-Danlos 
syndrome is an autosomal-dominant disorder characterized by 
hyperdistensible joints and fragile skin. Thirteen different sub- 
types of the disorder are described related to abnormal collagen 
synthesis.** Hematomas, mucosal bleeding after dental proce- 
dures, or bleeding from the gastrointestinal tract can occur. 
Bleeding is believed to be due to abnormalities of collagen in 
blood vessel walls leading to vascular fragility. These patients 
may be mistaken for individuals with hemophilia because of 
the bleeding tendency and joint abnormalities. Laboratory tests 
of hemostasis are usually normal in affected individuals. Sur- 
gery, trauma, and use of aspirin should be avoided as possible 
because of bleeding and poor wound healing. Individuals with 
the vascular type Ehlers—Danlos syndrome are prone to arterial 
aneurysms and rupture of arterial blood vessels. 

Marfan syndrome is an autosomal-dominant genetic dis- 
order due to mutations of the gene for fibrillin resulting in 
abnormalities of connective tissues and risk for bleeding and 


bruising. Individuals with this disorder are usyaj 
have long limbs. Dislocation of the lens of the 
valvular regurgitation, and aortic dissection May occur Ea 
bruising or postpartum or postsurgical bleeding may occur 
are usually not prominent features of this disorder. Laborat - 
studies of hemostasis are normal. “ 

Pseudoxanthoma elasticum is an autosomal recess 
order affecting elastic fibers of connective tissue of 
and arteries. Several types of the disorder have been d 
with mutations of a transmembrane transporter Protein. The 
skin of affected individuals has a grooved, thickened appear. 
ance. Characteristic hyaline (angioid) streaks are Noted in 
the retina. Easy bruising and gastrointestinal, uterine, and 
urinary bladder bleeding is common. Bleeding is thought to 
occur as a result of rupture of calcified blood vessels. Ath. 
erosclerosis due to calcification of medium-sized and large 
blood vessels usually occurs, and intermittent claudication 
is frequent. Tests of hemostasis are normal, and there is no 
effective therapy. 

Osteogenesis imperfecta is another rare autosomal dominant 
disorder caused by mutations of genes that code for Peptides 
of type | collagen. Skin is mostly type 1 collagen, and defects 
in supporting structures in skin are believed to be the cause for 
bruising in this disorder. Four different clinical types of the 
disorder are reported that are caused by numerous mutations of 
the genes for these collagen peptides. Affected individuals may 
demonstrate easy bruising, epistaxis, hemoptysis, and, infre- 
quently, intracranial bleeding. Postoperative wound bleeding 
can also occur. Reports of benefit with the use of recombinant 
factor VIIa and desmopressin have been published. Affected 
individuals have characteristic, blue-colored sclera. 
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SUMMARY CHART 


e Laboratory analysis for quantitative and qualitative 
platelet disorders includes assays such as platelet 
count, PFA, PT, aPTT, fibrinogen, and platelet aggre- 
gation studies. 


¢ Quantitative and qualitative platelet disorders and 
vascular disorders are abnormalities of primary 
hemostasis that result in bleeding and purpura. 


e Thrombocytopenia is the most common primary 
hemostatic disorder. 

e The mechanisms responsible for thrombocytopenia in- 
clude deficient marrow production of platelets, sequestra- 
tion of platelets in the spleen or hemangiomas, or acceler- 
ated loss or destruction of platelets from the circulation. 


e Immune thrombocytopenic purpura (ITP) is caused 
by an autoantibody to a patient’s platelets and is often 
diagnosed based on exclusion. 

e Thrombotic thrombocytopenic purpura (TTP) is a mi- 
croangiopathic process that leads to thrombocytopenia 
with thrombosis and bleeding. 

e Hemolytic uremic syndrome (HUS) presents 
clinically with microangiopathic hemolytic anemia, 


thrombocytopenia, and renal failure but unlike TTP 
levels of ADAMTS-13 are typically normal. 

¢ Qualitative platelet disorders may be caused by 
abnormalities of the platelet surface glycoproteins 
(Bernard—Soulier syndrome and Glenzmann’s throm- 
basthenia), deficiencies of platelet granules (storage 
pool defects), or abnormalities of the platelet release 
mechanism (release defects). 


¢ von Willebrand disease is one of the mos: common 
congenital defects of primary hemostas 
¢ von Willebrand factor results in a lack of binding of 


platelets at the site of injury, with bleeding characteristic 
of platelet defects, 


¢ Storage pool deficiencies typically present with 


normal platelet counts and abnormal platelet 
aggregation tests with all other hemostatic parameters 
generally normal. 


¢ Platelet morphology and function is typically 


normal in reactive thrombocytosis where both 
these parameters are abnormal in primary 
thrombocytosis. 


RY CHART—cont’d 


soulier syndrome is a deficiency of Gpjp/ 
pernard— ng in impaired platelet activation and 


* KV ie ce Glanzmann’s thrombasthenia js 4 
ae of membrane GP IIb/IIIa complex and 

in inability of platelets to bind to fibrinogen, 

resu ults for von Willebrand disease reveal normal 


° Bypelet morphology and low vWF activity. Patients 
P 


<i _old African American woman in the 14th week of 
Saag cy presents to the hospital with mild confu- 
Neg Jaches, nausea, easy bruising, and petechiae. Phys- 
siete amination reveals a temperature of 37.7°C (99,92 1): 
of 150/100 mm Hg, pulse of 80 beats per 
saute, and respirations of 14 per minute. Mild confusion 
i. decrease in light touch sensation of the right arm 
‘a Fed. Scattered petechiae cover the inner thighs, and 
-ecchymoses on the forearms are present. No other bleeding 
js observed. The uterus is enlarged, and a fetal heartbeat is 
"detected. The spleen tip is not palpable. 
_ Admission laboratory findings can be seen in the follow- 
- ing table. In addition, bone marrow aspiration and biopsy 
"reveal erythroid and megakaryocytic hyperplasia. Hyaline 
"thrombi are seen in blood vessels of the biopsy. Her electro- 
diogram and chest radiograph are normal. 


Analyte Findings Normal Range 
Hgb 7.1 g/dL 12.0-16.0 g/dL 
Het 21% 37%-47% 
} RBC count 3.6 X 10"/L 4.2-5.4 X 10"/L 
WBC count 10 X 10°/L 4.8-10.8 X 107/L 
‘ Pit count 18.0 * 10°/L 150-450 X 107/L 
Peripheral Smear Moderate poikilocytosis 
Notes with schistocytes, 


nucleated red blood cells, 
and polychromasia 


j fT 12.1 secs 11-13 secs 
PT 29 secs <36 secs 
fibrinogen 367 mg/dL 200-400 mg/dl 
FOP Positive, with a titerof32 <10mg/L 
D-dimer Positive at 0.5 to <0.5 meg/mL 
1.0 meg/mL 
DAT Negative Negative 
Serum creatinine 2.5 mg/l 0,841.21 mg/dl 
Mod urea 50 mg/dl 7-20 mg/dL 
Nitrogen 
= 7.6 mg/dL 8.6-10.3 mg/dL 
Urine abe 2.4 mg/dL 3.4~5.4 mg/dl 
Un Protein 3 + positive Negative 
ine Blood a 
Positive with RBCs seen Negative 


Microscopically 


with Bernard-Soulier syndrome often have large 
Platelets and platelets that lack aggregation when 
induced with ristocetin. Hemophilia A is a coagulation 
factor defect and thus results in normal platelets but 
abnormal levels of Factor VIII clotting activity. 


Vascular purpura is caused by abnormalities of blood ves- 
sels without associated platelet or plasma protein defects. 


QUESTIONS 


1. Based on the clinical and laboratory findings, what is 
the most likely primary hemostatic disorder present? 

2. What other conditions should also be considered in the 
diagnosis? 

3. What additional testing could be performed to confirm 
or reject these diagnoses? 

4. How should the patient be treated? 


ANSWERS 

1. TTP is the most likely diagnosis due to the presence 
of the classical pentad seen in this disorder: fever, 
thrombocytopenia, microangiopathic hemolytic anemia, 
neurological abnormalities, and renal dysfunction. 
Fever typically presents as less than 38.3°C as seen 
here. Thrombocytopenia is typically severe, reflected 
by this patient’s very low platelet count. Microangio- 
pathic hemolytic anemia is evidenced by decreases seen 
in the patient’s Hct, Hgb, RBC count, the presence of 
reticulocytosis, schistocytes, nucleated red blood cells, 
and polychromasia, and hematuria. In addition, hyaline 
microthrombi, as seen in this patient’s biopsy, is a 
pathological characteristic of TTP. The patient’s mild 
confusion could be a sign of neurological abnormalities 
and high levels of creatinine and BUN are representa- 
tive of renal dysfunction. Patients with TTP typically 
have normal coagulation tests including PT, PTT, D- 
dimer, and potentially slight elevations in FDP. TTP is 
more prevalent in women than men and pregnancy can 
predispose a woman to the disorder. Cardiac involve- 
ment is rare, and this patient has normal ECG findings. 

2. Hemolytic-uremic syndrome, pre-eclampsia/eclampsia 
syndromes, and disseminated intravascular coagulation 
are other considerations for a pregnant female with 
microangiopathic hemolytic anemia. Idiopathic throm- 
bocytopenic purpura and gestational thrombocytopenia 
should also be considered but do not cause microangi- 
opathy as seen in this patient. Additionally, the platelet 
count in this patient is lower than what is often seen in 
gestational thrombocytopenia, 

3. ADAMTS 13 testing often reveals the presence of 
autoantibodies to the ADAMTS 13 metalloprotease and 


Continued 
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CASE STUDY 26-1—cont’d 


ADAMTS 13 levels are less than 5% in TTP, not in the 
other disorders. 

4. Primary treatment is with plasma exchange. Addi- 
tion of corticosteroids, cyclosporine A, splenectomy, 
chemotherapy, or monoclonal antibody immunother- 
apy (Rituximab) may be necessary for refractory or 


CASE STUDY 26-2 


An obese, 36-year-old, white, female emergency medical 
technician complains of easy bruising of the arms and legs 
for several months. This bruising is episodic and seems 
unrelated to trauma during work. She reports no stinging 
or burning sensations before the appearance of bruises. No 
bleeding from the nose, mouth, or other mucous membranes 
is noted. No bleeding into joints or muscles has occurred. 
Family history is negative for bleeding or bruising. Physical 
examination reveals normal skin turgor with a few discrete 
fresh ecchymoses on the thighs and forearms but no other 
obvious bleeding. Platelet count is 380 < 10°/L; 30 sec- 
onds; aPTT, PT, and fibrinogen studies are normal. 


QUESTIONS 

1. What additional information will be helpful in defining 
a cause for this bruising? 

2. What conditions should be considered in the differen- 
tial diagnosis? Why? 

3. What additional testing can be performed to confirm a 
diagnosis? 


ANSWERS 

1. It would be helpful to know if there is any familial 
history associated with easy bruising to evaluate a po- 
tential congenital primary hemostatic disorder. It would 


CASE STUDY 26-3 


A 17-year-old Jewish woman complains of recurrent epi- 
sodes of bleeding from the nose and mouth since birth and 
heavy menstrual bleeding since menarche, She has never 
had bleeding into joints or muscles. Her brother also has 
a history of nasal bleeding. Physical examination does not 
reveal any telangiectases of the nose or mouth. Skin and 
joints appear normal. Gynecological examination is normal. 
Platelet count is 250 X 10°/L. Appearance of platelets on 
the peripheral blood smear is normal. 


QUESTIONS 
1. What conditions should be considered in the differen- 


tial diagnosis for this bleeding? Why? 


chronic relapsing disease. Plasma exchange is the onl — 
treatment with proven efficacy and should be instituted 
as soon as diagnosis is made. Survival rates are 80% 
to 85%, but relapses occur in 40% of patients. Corti. 
costeroids in addition to plasma exchange may offer 
additional benefit. 


also be helpful to know if the patient is taking any 

medications, specifically those that can have an effect 

on hemostasis. 

2. Because the platelet count is normal, qualitative platelet 
disorders should be considered more heavily than quan- 
titative platelet disorders. The patient should be evalu- 
ated for conditions like Glanzmann’s thrombasthenia, 
Bernard-Soulier, and von Willebrand’s, although the 
patient’s bleeding doesn’t match with what is often 
seen in these conditions. If ruled out, the patient should 
also be evaluated for vascular conditions, which may 
include primary purpura, infections purpura, allergic 
purpura, or metabolic purpura. Vascular conditions 
could include primary purpura, infectious purpura, 
allergic purpura, or metabolic purpura. 

3. Thrombin clotting time assay to detect low levels of 
heparin, von Willebrand factor assays and Factor VIII 
clotting activity to investigate for mild von Wille- 
brand disease, platelet function studies (PFA assay 
or platelet aggregation studies) as there could be a 
platelet function defect. Erythrocyte sedimentation rate, 
cryoglobulin testing, and serum protein electrophoresis 
may uncover a vasculitis or hypergamma globulinemic 
purpura. 


“oat § 
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2. What additional testing can be performed to evaluate 
this bleeding tendency? 
3. How would each of the possible conditions in the 


differential diagnosis be treated to min! 
bleeding episodes? 


ANSWERS 

1, The symptom of mucocutaneous bleeding suggests 4 
platelet function disorder. Coagulation screening test 
results are not known. von Willebrand disease is the 
most likely possibility as it is the most common platelet 
function disorder, Glanzmann’s thrombasthenia is un- 
common but occurs in individuals of Ashkenazi Jew ish 


ize further 
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tion. Bernard-Soulier syndrome patients usually 

ee large platelets. mH 

exhiP” ill clotting activity assay and von Willebrand 
T s to evaluate for von Willebrand disease, 


2. F say’ : 
factor 4S ction testing to evaluate for other platelet 


pl 8 abnormalities. 
fune vllebrand disease is treated with DDAvp if the 


3, ae der is mild, with intermediate purity factor Vi]] 
s 


cw QUESTIONS 


ich of the following laboratory procedures has 
1. taced the Ivy Bleeding Time as the Screening test 
for platelet dysfunction? 
a, Flow cytometry 
p, PFA-100 
c, Platelet antibody testing 
qd. Lumiaggregation 
2, Which of the following clinical manifestations is most 
characteristic of a platelet disorder? 
a. Mucosal bleeding 
b. Hemarthrosis 
c, Retroperitoneal hemorrhage 
d. Deep muscle hematomas 


3, Which of the following is not characteristic of 

Bernard— Soulier syndrome? 

a. Normal to moderately decreased platelet counts 

b. Absent platelet aggregation in response to bovine 
vWF or human vWF plus ristocetin 

c. Abnormal platelet aggregation in response to ADP, 
collagen, and epinephrine 

d. Abnormality in platelet membrane GPIb/IX/V 


4, Which of the following is not characteristic of 

Glanzmann’s thrombasthenia? 

a. Deficiency or absence of GPIIb/IIla 

b. Giant platelets with thrombocytopenia 

¢. Absent platelet aggregation in response to ADP, 
thrombin, collagen, and epinephrine 

d. Normal platelet aggregation to ristocetin and bovine 
vWF 


5. Which of the following staternent 
acute immune thrombocytopeni 
4 Thrombocytopenia occurs follow 
infection, 
E Spontaneous remissions are common 
© Itis found Primarily in young children 
q. pilsle counts are generally igher than in chronic 


is not true regarding 
PP)? 
ng a viral 


S 


10. 


Yeates which contain functional von Willebrand 
Vit th recombinant von Willebrand factor with factor 

€n severe or when prolonged therapy is neces- 
Sary. Other platelet function disorders are treated with 
Platelet transfusions or activated factor VII. Antifibri- 
nolytic therapy and estrogen therapy to reduce menstru- 
al bleeding may be helpful. 


Thrombocytopenia, fever, renal disease, microangio- 
Pathic hemolytic anemia, and neurological complica- 
tions are hallmark characteristics of: 

a. Hemolytic uremic syndrome (HUS) 

b. Disseminated intravascular coagulation (DIC) 

¢. Thrombotic thrombocytopenic purpura (TTP) 

d. Immune thrombocytopenic purpura (ITP) 


- What disorders are classically associated with 


thrombocytosis? 

a. Myeloproliferative neoplasms 

b. Autoimmune disorders 

c. Immunodeficiency syndrome (HIV) 
d. Renal disease 


. Which of the following is not an inherited vascular 


defect? 

a. Ehlers—Danlos syndrome 
b. Marfan syndrome 

c. Amyloidosis 

d. Giant hemangiomas 


. Which condition is classified as autoimmune 


thrombocytopenia? 

a. DIC 

b. ITP 

c. Storage pool defects 

d. Post-transfusion purpura 


What may be deficient in storage pool diseases? 
a. Fibrinogen 

b. Von Willebrand factor 

c. ADP 

d. GP IIb/IIIa 


See answers at the back of this book. 
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CHAPTER OUTLINE 


Plasma Clotting Factors, Associated Factor X (Stuart-Prower Factor) Specific Inhibitors 
Disorders, Laboratory Evaluation, Factor XI (Plasma Thromboplastin Nonspecific Inhibitors: The Ly us 
and Treatment Antecedent [PTA]) Anticoagulant and Antiphosph 
Fibrinogen (Factor I) Factor XII (Hageman Factor) Antibodies Sling 
Factor Il (Prothrombin) Factor XIII (Fibrin-Stabilizing Factor) Summary Chart 
Factor V (Proaccelerin; Labile Factor) Prekallikrein (Fletcher Factor) Case Study 27-1 
Factor Vil (Proconvertin; Stable High Molecular Weight Kininogen Case Study 27-2 
Factor) (Fitzgerald Factor, Williams Factor, Case Study 27-3 
Factor Vill (Antihemophilic Factor) and Flaujeac Factor) Case Study 27-4 
von Willebrand Factor Circulating Anticoagulants/Acquired Case Study 27-5 
Factor IX (Christmas Factor; Plasma Inhibitors Review Questions 
Thromboplastin Component [PTC]) References 


LEARNING OBJECTIVES 
At the end of this chapter, the learner should be able to: 27-5 List the vitamin K-dependent factors. 
27-1 Identify the clotting factor defects that can impair the 27-6 Compare hemophilia A with von Willebrand disease 
coagulation system. 27-7 _ Identify the respective factor deficiency responsible 
27-2 Associate the clotting factors with their synonymous for causing hemophilias A, 8, and C. 
names. 27-8 Assess the common laboratory methods used to 
27-3 Contrast clotting factor deficiencies from platelet- identify clotting factor deficiencies. 
associated disorders. 27-9 Contrast specific and nonspecific inhibitors. 
27-4 Categorize laboratory methods as screening tests or 27-10 Describe laboratory methods used to identify 
differential tests for secondary hemostatic defects. circulating anticoagulants/inhibitors. 
his chapter describes the disorders of secondary hemosta- _ formation of an insoluble fibrin thrombus, as described ® 
sis in detail, including the plasma clotting factors, theirde- Chapter 25. ; 
fects and deficiencies, and how they directly affect hemosta- Table 27-1 outlines the clotting factors, deficiencies, us 
sis. Associated disorders and recommended laboratory tests corresponding laboratory and clinical findings. Table -"~ 


and results are also discussed, as are specific and nonspecific provides the expected laboratory test results related to the 
circulating inhibitors and the recommended therapy for each _ clotting factor deficiencies. 


plasma clotting factor defect. Impaired hemostasis due to clotting factor defects vs 
caused by: 

Plasma Clotting Factors, Associated ¢ Decreased production of one or more factors e 

Disorders, Laboratory Evaluation, ¢ Impaired molecular synthesis that interferes with th 

and Treatment factor’s enzymatic activity (dysfunction) 


Clotting factors circulate in the plasma as inactive zymogens ; Bree ponumption of the poumacn aa inhibi 
(precursors of enzymes) known as serine proteases, which ie sa anne ohone DEELOTGENGOR! "3 

are proteolytic enzymes that cleave peptide bonds having Ors or antibodies 

the amino acid serine in their active sites. The activation of Bleeding (hemorrhagic) disorders relate¢ 
the zymogens within the coagulation pathways leads to the _ deficiencies or dysfunction have a clinical presen 
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, Clotting Factors, Deficiencies, and Clinical Findings 
Minimum for Hemostasis 


Clinical Findings 


50-100 F 
pfibrinogenemia mg/dl 120 Umbilical stump bleeding, easy bruising, ecchymosis, 
= gingival oozing, hematuria, poor wound healing 
Hypofibrinoge AA Mild bleeding episodes 
pysfibrinogenemia Possible hemorrhage/thrombosis; possibly 
amas asymptomatic ; 
_——pypoprothrombinemia ieee 100 Postoperative bleeding, epistaxis, menorrhagia easy 
M ———— ae en bruising al 
parahemophilla = Yee clas LR tes, 35 Epistaxis, menorrhagia, easy bruising i 
~ pypoproconvertinemia 10h pememeat ES tae, 35 Epistaxis, menorrhagia, cerebral hemorrhage 
Hemophilia A 30% 8-12 May be severe, moderate, mild-spontaneous 
hemorrhage, hemarthroses crippling, muscle 5 
= Le cts a aaa ne : hemorrhage, post-traumatic/postoperative bleeding 
von Willebrand disease 30%-40% 16-24 Mucosal bleeding, superficial wound bleeding— 
and variants: variable variable depending on level of F VIII:C, VWF 
inheritance ee ete esp ows 
x Hemophilia B 30%-40% 20 May be severe, moderate, mild-spontaneous 
(Christmas disease) hemorrhage, hemarthroses, crippling, muscle 
hemorrhage, post-traumatic/postoperative bleeding 
x Stuart-Prower deficiency 10% 65 Menorrhagia, ecchymoses, CNS bleeding, excessive 
aN bleeding postpartum mS i 
xl Hemophilia C 20%-30% 65 Mild bleeding, bruising, epistaxis, retinal hemorrhage, 
ite menorrhagia 5 
Hageman trait Unknown 60 Asymptomatic: thrombotic tendency 
Factor XIll deficiency 1% 150 Umbilical cord stump bleeding, poor wound 
healing, minor injuries causing delayed bleeding, 
fetal wastage, excessive fibrinolysis, male sterility, 
intracranial hemorrhage 
PK Prekallikrein Unknown 35 Asymptomatic 


(Fletcher factor) 
Fitzgerald factor 


Unknown 


Asymptomatic 


HMWK=high molecular weight kininogen; CNS = central nervous system. *Possible in one-third of factor V deficient patients 
Source: From Pittiglio, DH, et al. Treating hemostatic disorders. A problem-oriented approach. In Pittiglio DH: Hemostasis Overview. Arlington, VA: American Association of Blood 
Banks; 1984, p 28, with permission, 


differs from platelet-associated disorders. Most clotting factor The laboratory evaluation of secondary hemostatic defects 
deficiencies cause delayed and/or inadequate fibrin forma- _ always begins with screening tests: the prothrombin time 
ton. Hemorrhage can be more profuse when larger vessels (PT) and the activated partial thromboplastin time (aPTT). 
“involved (e.g., during surgery, chitdbirth, or after trauma); | Abnormal results obtained from one or both tests must be fol- 
on of the hemorrhage is within muscle, deep-tissue, | lowed up with differential tests that should include a fibrin- 


Joint cavities; or it can be delayed (i.e., a stabilized injury —_ ogen level, a thrombin time, and repeating the abnormal PT 


ozing or actively bleeding avain). and/or aPTT on equal mixtures of the patient’s plasma with 
ling ndary hemostatic disorders can be inherited as sex- _ pooled normal plasma, known as mixing studies, to further 
dhe toe tSomal genetic traits. They can also be acquired discern the factor(s) causing the abnormality. The mixing 


et Vitamin K deficiency, liver disease, profuse studies will normalize, or “correct,” the results of an abnormal 
ge, or 


Maled intra 4 consumptive coagulopathy (e.g., dissemi- screening test if there is a Suieioney of one or more clotting 
“vascular Coagulation [DIC]), infection or inflam- _ factors. The inability to immediately correct the screening test 
eaten eens induction of anticoagulant therapy, or result, ora correction followed by prolongation after a 2-hour 
With various drugs, incubation of the mixed plasmas at 37°C, would suggest the 
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BT, PFA-100° 


TABLE 27-2 Laboratory Test Results of Clotting Factor Deficiencies 


Fibrinogen 


N 
B N 
N | 
N 
N 
N re: ABN cain 
} Nem, ABN OABN : N 
a wea -Nie N = ABN N 
De apinen Wa NONE NON 
7 Se eT N ABN | 
Prekallikrein ON Wein iia are N 
FiNWiC ieee ani N “ABN ate = Neaps 


“Possible in one-third of factor V deficient patients 


“The aPTT will shorten after prolonged contact activation. N = normal; ABN = abnormal; BT, PFA-100° = bleeding time, platelet function assay; PT = prothrombin time PTT. 
activated partial thromboplastin time; TT = thrombin time; vWF = von Willebrand factor; HMWK = high molecular weight kininogen; N/A = not applicable, 
Source: Adapted from Pittiglio, DH, et al. Treating hemostatic disorders. A problem-oriented approach. In Pittiglio, DH: Hemostasis Overview. Arlington, VA: American Association 


of Blood Banks; 1984, p 31, with permission. 


presence of an inhibitory substance. The inhibitory substance 
could be a specific or nonspecific antibody, or an anticoagu- 
lant, such as heparin or other direct thrombin inhibitor that has 
been administered to the patient. 


Fibrinogen (Factor I) 

Fibrinogen (Factor I) is a large glycoprotein (molecular weight 
[mw] 340 kD) produced solely by the liver and critical in the 
final stage of coagulation. It is the most abundant of the plasma 
coagulation proteins, with a normal plasma concentration of 
approximately 200 to 400 mg/dL. A minimum of 100 mg/dL 
is required to maintain normal hemostasis. The normal plasma 
half-life is approximately 3 to 5 days; up to 5 grams/day are 
produced by the liver.'? While the majority of fibrinogen is 
present in the plasma, it can also be found in interstitial fluid 
and in platelet alpha granules by absorption from the plasma. 
The fibrinogen molecule is composed of three pairs of noniden- 
tical polypeptide chains, designated as A-alpha (Aq), B-beta 
(BB), and gamma (y), joined by disulfide bonds.’ Each chain 
is encoded by a separate gene on chromosome 4. At the termi- 
nal ends of the Aa and BR chains are two fragments contain- 
ing negatively charged amino acids known as fibrinopeptides 
A and B. Thrombin, the enzyme created via the activation of 
prothrombin, cleaves the fibrinopeptides from the fibrinogen 
molecule producing fibrin monomers. This reduces the inter- 
molecular repulsive forces allowing the monomers to aggre- 
gate. In the final stage of secondary hemostasis, these soluble 
fibrin monomers spontaneously polymerize to form soluble, 
but yet unstable, fibrin strands. These strands self-assemble 
into an overlapping pattern forming weak lateral associations 
between them. The production of a stable, insoluble thrombus 


requires the formation of covalent cross-linkages between the 
alpha and gamma chains of the soluble fibrin strands, This 
is catalyzed by thrombin-activated factor XIII, also known 
as the Fibrin-Stabilizing Factor (see Factor XIII). The st- 
ble thrombus is ultimately degraded in vivo by the action of 
the enzyme plasmin, in a process known as fibrinolysis (see 
Chapter 28). In vitro, stabilized fibrin is resistant to enzymatic 
digestion or chemical degradation 

Disorders of fibrinogen are inherited or acquired, and they 
can involve quantitative and/or qualitative defects. 


Afibrinogenemia 


Afibrinogenemia is a rare (estimated prevalence 1:1 million), 
homozygous, autosomal recessive disorder. It is characterized 
by the absence of any chemically, antigenically, or functior 
ally detectable fibrinogen in the plasma. Fibrinogen levels m) 
be less than 5 mg/dL. There is profuse bleeding after slight 
trauma and delayed wound healing. The severity of the disea* 
presents at birth with symptoms that include bleeding from the 
umbilical cord stump, mucosal tissues (e.g., epistaxis, 885 
intestinal bleeding), as well as intracranial hemorrhages, which 
can be fatal. Other symptoms can include menorthagia a0” 


hemarthroses, Platelet adhesion and aggregation are abnomsl 
fibrinogen is required for norma! primary platelet aggre 
as it binds the glycoprotein I[b/Illa (GP Ilb/Illa) pate 
stimulated platelets, forming a linkage with adjacent pane 
This reinforces the platelet plug at the site of vascular 1" 
(see Chapter 25),! 

The differential diagnoses of fibrino 
outlined in Table 27-3. The results of these tests 
marked abnormalities; terminal prolongation (1° ‘ 


| 
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f pifferential Diagnoses of Fibrinogen Disorders 
S Afibrinogenemia 


ae ime 
eee 

: a (aotabl Undetectable 

a nen (clotiab!™ —__Undetectabie = 
=~ antlg Absent 

a 

Ee egation ABN 

pyatelet 2999 

Pl 100° = bleeding time, platelet function assay; ABN = abnormal 

a wed ‘ora {a and quantitative and qualitative: Abnormalities 


of the PT, aPTT, and TT, and the absence of mea- 
Bo gen. Mixing studies will demonstrate a normal- 

; soot these results. : ; ; 
jaatio’ ent for afibrinogenemia requires the administra- 
: yon recipitate; this preparation contains appreciable 
gon y, 1s of fibrinogen. Fresh frozen plasma (FFP) may be 
ised; howevel, volume overload is a major concern due to the 
ofunits required to sufficiently elevate the fibrinogen 
og |, Whole blood transfusions may be required if significant 


bleeding has occurred. 
brinogenemia 
Hypofibrinogenemia can occur as either autosomal recessive 
or heterozygous dominant forms of disorders; mutations may 
exist in one or more of the genes that direct the rate of syn- 
thesis of the 3 polypeptide chains. The fibrinogen level may 
be within 20 to 100 mg/dL. Any bleeding episodes are usually 
mild and do not occur spontaneously. Bleeding may occur 
afler trauma or surgery. 

Hypofibrinogenemia can be acquired as a result of liver 
disease, due to consumption in cases of acute DIC, or from 
hemodilution as a result of massive transfusion. 

The degree to which the PT, aPTT, and TT are prolonged 
isdependent on the concentration of fibrinogen present in the 
plasma. 

Treatment of hypofibrinogenemia may include the use of 
cyoprecipitate and/or FFP as necessary 


Dysfibrinogenemia 
Aquelitative functional disorder of fbrinogen, dysfibrinogen- 
lg an alteration in the structure of the molecule, 


Tin its amino acid sequence or carbohydrate composi- 
on, leading to the formation of an abnormal glycoprotein. 


the a Tttions are caused by mutations in the genes that direct 
ae of the 3 polypeptide chains. These changes can 


es interactions of fibrinogen with its enzymes 
Well as aM % ereby Causing defective thrombus formation 
Dysfibringna fibrinolysis. ' 
sive oe can be inherited as autosomal dominant 
e - More than 300 different structural variants 


identi : 
identified, These molecules may exhibit abnormal 
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} aPTT = activated partial thromboplastin time; PT = prothrombin time. N/A = not applicable, 
of coagulation. Changes Hematol. 1985;14:388, with permission. 


fibrinopeptide release by thrombin, abnormal polymerization 
of the monomers, defective cross-linking, or a combination of 
these defects. 

Acquired dysfibrinogenemia can occur in chronic liver dis- 
ease, chronic malignancies, or autoimmune diseases. These 
disorders may induce relatively minor structural changes in 
the molecule, producing a functional dysfibrinogenemia with 
similarities to the congenital forms. 

Patients with dysfibrinogenemia can have a normal or 
prolonged PT and aPTT depending upon the severity of the 
dysfunction. Bleeding time and platelet function are unaf- 
fected. Specific testing of fibrinogen will usually be abnor- 
mal. Polymerization of fibrin monomers induced by treating 
the abnormal molecules with a high concentration of thrombin 
(L.e., the Clauss clot-based fibrinogen assay; see Chapter 33), 
has been found to be normal in several cases.* However, 
with the lower thrombin concentrations present in the TT test 
(increasing the sensitivity to defects in the conversion of 
fibrinogen to fibrin), polymerization is delayed due to the 
slower cleavage rate of the abnormal peptide, producing an 
abnormal result.* A common laboratory finding is a discor- 
dance in the activity and antigenic concentration: decreased to 
normal level of functional fibrinogen with a higher concentra- 
tion of the antigenic protein. 

Anticoagulants such as heparin, hirudin (a direct thrombin 
inhibitor derived from leeches), and synthetic direct thrombin 
inhibitors will prolong the TT. To evaluate the cause of an 
abnormal TT, a Reptilase Time (RT) should be determined.® 
Reptilase, a thrombin-like enzyme extracted from the snake 
venom of Bothrops atrox (Pit Viper species), only cleaves 
fibrinopeptide A from the fibrinogen molecule and forms 
fibrin monomer. It can be used to differentiate between the 
presence of heparin, antithrombin anticoagulants, or dys- 
fibrinogenemia.’ Reptilase is unaffected by heparin, hirudin, 
and antithrombins; therefore, the clotting time will be normal 
in their presence, provided an adequate amount of normal 
fibrinogen is present (see Table 27-3). Hypofibrinogenemia 
and afibrinogenemia will also have prolonged RTs. 

Clinically, patients with dysfibrinogenemia are usually 
asymptomatic; the condition is often discovered incidentally 
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when laboratory tests are performed for unrelated reasons. 
Occasionally, it is associated with mild bleeding occurring 
only after trauma. However, there are reports indicating an 
association with thrombosis.* This may be a result of abnor- 
malities in the interaction of plasmin with the abnormal fibrin 
thrombus, causing a resistance to lysis. 

Treatment for dysfibrinogenemia may involve FFP or cryo- 
precipitate if bleeding occurs. If recurrent thrombosis exists, 
anticoagulant therapy is indicated.° 


Hyperfibrinogenemia 

Fibrinogen is also an acute-phase reactant. Physiological 
stresses such as trauma, pregnancy, and tissue inflammation 
cause fibrinogen concentrations to increase, which is manifested 
in an elevated erythrocyte sedimentation rate. High fibrinogen 
concentrations may be seen in acute hepatitis and may also be 
associated with atherosclerosis, arterial thrombosis, or both. 


CRITICAL THINKING QUESTION 


27-1 Why does a decrease in fibrinogen, like that seen in 
afibrinogenemia or hypofibrinogenemia, result in 
prolonged PT and PTT findings, yet the mixing study is 
corrected? 

See answers to all Critical Thinking Questions at the back 

of this book. 


Factor Il (Prothrombin) 

Factor II (F If), synonymously known as prothrombin 
(mw 71.6 kD), is a single-chain glycoprotein synthesized in 
the liver. It is the most abundant clotting factor, has the lon- 
gest half-life of the vitamin K—dependent clotting proteins, 
and circulates as a zymogen to the serine protease thrombin 
(Factor Ila).'° F II is converted to thrombin (F IIa) by the pro- 
teolytic action of activated factor X (F Xa) in complex with 
activated factor V (F Va), platelet membrane phospholipids, 
and calcium ions. This is known as the Prothrombinase Com- 
plex, and it assembles on the platelet surface. The generally 
accepted normal adult reference range is 50% to 150% (0.5 to 
1.5 U/mL), although it may vary by institution or published 
reference. Deficiency of F II delays the generation of thrombin, 
thus contributing to hemorrhagic symptoms. The Prothrom- 
bin Time (PT) is an in vitro analysis of the time required to 
convert plasma prothrombin into endogenous thrombin, using 
an exogenous source of phospholipid, tissue thromboplastin 
(also known as tissue factor), and calcium ions. The fibrin- 
ogen present in the plasma is converted to a fibrin endpoint. 
This assay detects defects or deficiencies of any components 
of the prothrombinase complex, and by the concentrations of 
fibrinogen, F II, and factor VII (F VII). 


Hypoprothrombinemia 

It has been suggested that the mode of inheritance of hypo- 
prothrombinemia is autosomal recessive.'' The gene resides 
on chromosome 11. Patients who are either heterozygous or 
homozygous with this rare condition may have hemorrhagic 
symptoms with prothrombin levels from 2% to 25% of normal 


“= 


| 
| 
; 


activity. Deficiency may also be acquired by dietary yj 

K deficiency or oral anticoagulant (warfarin) therap Iam 
ever, the type and severity of symptoms may vary a 
level of functional prothrombin available. Epistaxis fe! 
thagia, postpartum hemorrhage, hemorrhage after < eno 
trauma, and broad-spectrum antibiotic use (which destro a 
normal flora of the gastrointestinal tract responsible for Vj 
min K synthesis) are exhibited with prothrombin levels - 
ing from less than 2% to less than 50%, Prothrombin be 
approaching 50% activity generally do not cause hemorthap 
symptoms. Variable prolongation of both the PT ang F gi 
and a normal TT, are observed in individuals with hypopn 
thrombinemia. These screening assays are not specific f 
hypoprothrombinemia. Definitive diagnosis is dependent 
specific assays for functional activity and/or antigenic cons 
centration of prothrombin. In hypoprothrombinemia, both 
functional activity and antigenic concentration of prothro 
bin are decreased. Mixing studies will show full correction 
the PT and aPTT (see Table 27-2). 

Treatment of hypoprothrombinemia may include { 
administration of FFP or prothrombin complex concentra 
(PCC), which contains factors II, VII, IX, and X. Vitamin 
supplementation will only restore low factor levels associat 
with dietary deficiency or oral anticoagulant therapy. 


Dysprothrombinemia 
The mode of inheritance in dysprothrombinemia is the sam 
as in hypoprothrombinemia.'* A structural defect caus 
impaired functional activity, although the antigenic conce: 
tration is normal. Bleeding manifestations may occur th 
are similar to those described for hypoprothrombinemi 
Vitamin K deficiency, induction and therapeutic warfari 
therapy, liver disease, or the presence of antibodies to pr 
thrombin must be differentiated from dysprothrombinemi 
and hypoprothrombinemia to determine the proper co 
of therapy. Treatment may include administration of FF 
or PCC. 


Prothrombin G20210A Mutation 
A single-point mutation in the prothrombin gene was dis 
covered in 1996 that was associated with a mildly elevat 
prothrombin concentration and an increased risk of veno 
thrombosis.'* 


a 
ADVANCED CONTENT 

The mutation, known as Prothrombin G20210A, consists 

a single base change resulting from a G (guanine) toA (8 

nine) transition at nucleotide 20210, in the 3’-untranslat 


region of the prothrombin gene."* 


It is the second most common cause of inherited thro 
bophilia (i.e., predisposition to thrombosis) (see alse A 
tor V Leiden mutation later), Patients who are heterozyg0 
for this mutation carry a two- to five-fold increased risk < 
venous thromboembolism compared with normal individua 
This genetic defect is not commonly found in patients bt 
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bolic disease, but it has been identified as 
ey thro b , ocardial infarction in young women and 
yi facto" for vichemic disease in young patients,'516 This 
isk vascular ant gene is predominantly (although not 
ad se d to the Caucasian population, occur- 
oie) imately 1% to 2%. In the presence of other 
a 4 sors such as pregnancy, oral contraceptives, 
e ee risk antiphospholipid antibody (lupus anticoagu- 
5 cys i 
sleet suse or trauma, the incidence of thrombosis 
ist pores tion of F ll activity, which may only be slightly 
is Be evel in patients without the mutation (approx- 
yee ea to 130%), may still be within normal limits, 
1 insensitive method of detection. Therefore, the 
making ign) only be detected by direct analysis of genomic 
jymerase chain reaction (PCR) technology is only 
pna- Po ym of analyzing such single nucleotide polymor- 
one intial) Part 


phisms y(proaccelerin; Labile Factor) 
hide @Y)isa single-chain glycoprotein (mw 350 kD) 
Factor ized in the liver and also present in the alpha granules 
Jets that are secreted during platelet activation,!22° It 
of short half-life in vivo and has been referred to as the 
oe factor” because of its rapid deterioration of activity in 
at room temperature. Historically, F V has also been 
wn aS proaccelerin, as it is the catalyst in the conversion 
ofF Ito F Ila, functioning as a cofactor within the prothrom- 
pinase complex. It is converted to its activated form, F Va, 
the actions of F Ha or F Xa with calcium ions and plate- 
jet phospholipids. The generally accepted normal adult ref- 
erence range is 50% to 150% and may vary by institution or 
ished reference. 

In 1947, Owren discovered F V deficiency in a 21-year-old 
woman with a lifelong bleeding history.*'** Studies demon- 
srated that this clotting factor was not vitamin K-dependent. 
Congenital F V deficiency, also known as parahemophilia, is 
inherited as an autosomal recessive trait.”* The gene for F V 
is carried on chromosome 1. It is an extremely rare condition 
that occurs with a probability of 1:1 million.” 

Deficiency of F V is associated with ecchymoses, epi- 
slaxis, menorrhagia, and gingival, gastrointestinal, umbilical, 
and central nervous system bleeding. Hemorrhagic manifes- 
lations are usually noted in individuals with less than 10% 
activity. Hemarthrosis seldom occurs even in severely defi- 
cient patients. Combined deficiencies of factors V and VIII 
have been reported in several families. The combined factor 
Vand VIII activities and antigen levels are decreased, rang- 
ing from 5% to 30% of normal.*® This syndrome has been 

i to be the result of a gene mutation that produces a 
Molein that affects the intracellular transport of these factors 


the endoplasmic reticulum to the Golgi apparatus. Its 
lation ve penapest leads to reduced secretion of both coagu- 


Acquired F y deficiency is associated with a variety of 
DIC* rear as liver disease, carcinoma, tuberculosis, and 
f ~#'S0 result from the presence of F V-specific anti- 
Acquired after childbirth, due to autoimmune diseases, 
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Or by exposure to certain types of topical bovine thrombin 
(fibrin glue”) used for intraoperative hemostasis during sur- 
gical procedures, Bovine F V has been found to be present in 
the commercial product and is suggested that the antibody to 
the bovine F V cross-reacts with human F V2” 

Laboratory evaluation demonstrates a prolonged PT and 
aPTT, with correction for both tests on mixing studies. The F 
is normal. Approximately one-third of patients may seers 
with an abnormal platelet function test (PFA-100), po seule? 
related to platelet alpha granule-associated F V deficiency.” 
Plasma factor activity by clotting factor assay is decreased 
or absent. Noncorrection of a mixing study will occur in the 
presence of an inhibitor. - 

F V-deficient patients are often treated with FFP. In addi- 
tion to FFP, because platelets contain F V, platelet transfusions 
have also been used; however, particular attention should be 
paid to alloimmunization.” Cryoprecipitate does not contain 
adequate amounts of F V to be used therapeutically. 


Factor V Leiden Mutation (R506Q) 

Under normal hemostatic conditions, F Va (and, as will be dis- 
cussed, F VIIIa) must be inactivated in vivo to downregulate 
further thrombin generation. This is achieved by the naturally 
occurring anticoagulant, Protein C, and its cofactor, Protein S. 
Protein C becomes activated by thrombin bound to its recep- 
tor on the endothelial cell surface known as the Thrombomod- 
ulin complex (see Chapter 29). Activated Protein C (APC) is 
responsible for the inactivation of F Va and F VIIlIa. 

In 1993, a new and very common inherited thrombophilic 
syndrome was described, Activated Protein C Resistance 
(APCR). A single point mutation was identified involving a 
guanine (G) to adenine (A) transition at nucleotide 1691 of 
the F V gene, resulting in the substitution of arginine (R) by 
glutamine (Q) at amino acid number 506. This is one of the 
cleavage sites where APC must bind to the factor V molecule.*® 
This mutation was named Factor V Leiden (R506Q) by Dutch 
investigators from the city of Leiden, Holland, who were the 
first to report this mutation! This substitution obliterates 
the binding site leading to impaired inactivation (resistance) 
of F Va by APC, resulting in continued thrombin generation 
and promoting thrombosis (Fig. 27—1). Heterozygous Factor 
V Leiden is present in Caucasians ranging between 1.0% to 
8.5%, depending on geographic population studied, but it is at 
least 10 times more prevalent than other known genetic throm- 
bophilic disorders.**** These patients are unlikely to develop 
thromboses unless there are additional risk factors present 
that have an additive effect (e.g., oral contraceptives, estro- 
gen replacement therapy, pregnancy, nonambulatory state, or 
trauma). It has not been detected in populations from Africa, 
Asia, and Australia or in Native Americans.** This mutation 
is responsible for more than 90% of the cases testing positive 
for APCR; approximately 40% to 50% of patients with recur- 
rent venous thrombosis were found to have the mutation! 
Homozygosity for the mutation alone, as well as heterozy- 
gosity combined with other related thrombophilic causes, will 


cause a much higher thrombotic risk. The clottable actiy ity of 


F V is unaffected by this mutation. Detection of the R506Q 
defect can only be accomplished by genomic DNA analysis. 
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€ ? 


Factor Vill(a) 
€ K 

FIGURE 27-1 Activated protein C (APC) 
resistance of factor V Leiden. (Top) Normal 
inactivation of factors V and Vill:C by APC. Factor Vill(a) 
(Bottom) The binding site for APC on the 
factor V Leiden molecule is altered, thereby 
permitting activated factor V (factor Va Fe tnactivalion 
Leiden) to continue thrombin generation and eercevont 


subsequent fibrin formation. 


ADVANCED CONTENT 


APCR has been found in a small percentage of patients 
(approximately 10%) without the factor V Leiden (R506Q) 
mutation.» A mutation at Arg 306 (an additional APC 
cleavage site in F Va) has been characterized.***’ There are 
also cases of acquired APCR associated with malignancies, 
lupus anticoagulants, and third trimester pregnancy. This 
illustrates the importance of detecting APCR in patients 
who may be at an increased risk of thromboembolic disease. 


Screening for APCR is easily performed by clottable assays 
utilizing modified aPTT or Russell’s viper venom time meth- 
ods. By either method, the plasma clotting time with the addi- 
tion of APC is compared with the clotting time of the plasma 
without added APC. Normal patients produce prolonged clot- 
ting times in the presence of APC, demonstrating its ability 
to inactivate F Va and F VIIa; the clotting time without APC 
will therefore be significantly shortened. Patients with APCR 
will produce shortened clotting times for both tests, indicating 
the inability of APC to exert its effect on F Va or F VIIla, 
hence the description “resistance to APC” (refer to Chapter 28 
for a further discussion of the technique). 


Factor VII (Proconvertin; Stable Factor) 

A predominant plasma protein of the extrinsic coagulation 
pathway is F VII (mw 50 kD), a heat- and storage-stable com- 
ponent for which it is also known as the “stable factor.” It is 
also known as proconvertin for its pivotal role in coagulation. 
It is produced by the liver and is vitamin K-dependent; it cir- 
culates as an inactive zymogen, as well as in low levels of its 
activated form, F Vila.* The normal adult reference range is 
generally accepted as 50% to 150%. 


APC 


Factor V(a) Factor VIli(i) Factor Vi) 
| 
Factor V(a) | Factor VIII(i) Factor via) 
Leiden Leiden 
Thrombin 


The division of the coagulation cascade into the intrinsic 
and extrinsic pathways was created as a usefil tool for labo- 
ratory diagnoses; however, it does not exist as such in vivo 
Initiation of coagulation in vivo involves components of the 
vasculature and platelets. A major component is tissue factor 
(TF), also known as tissue thromboplastin, functioning as g 
cofactor. Tissue factor is a transmembrane lipoprotein nor. 
mally found exclusively in the extravascular space; it is also 
synthesized by monocyte/macrophages and endothelial cells 
Its surface expression can be induced by inflammatory cyto- 
kines; this seems to be one of the most important pathophysio 
logical mechanisms of DIC in sepsis. It is also present in many 
other tissues, such as brain, lung, and placenta. In the event of 
vessel injury, TF and F VII/F Vila form a complex (TF/F Vila) 
in the presence of calcium ions. This complex, known as an 
extrinsic tenase complex, activates F X to F Xa. The TF/F Vila 
complex is also capable of activating F IX, bypassing the need 
for contact activation of factors XI and XII. Positive feedback 
mechanisms exist that further activate more F VII. 

Homozygous F VII deficiency is a rare, autosomal-recessive 
trait (1:500,000 estimated incidence), and is associated wih 
missense mutations of the F VII gene on chromosome 13. 


F VI activity is usually less than 10%. Clinically, these patiens 
can present with deep muscle hematomas, hemarthroses, ¢* 


staxis, and menorrhagia. Patients having 


activity can have severe hemorrhagic manifestations. Het- 


ess than 1% F VU 


erozygotes are usually asymptomatic, having factor activities 


between 40% and 60%. ; ; 
Typical laboratory results in F VII deficiency include 


! 
prolonged PT with a normal aPTT (Table 27-4). The Prvill | 


Be >. differential test 
correct on mixing study. No longer in use for differential 


ing but worth noting (more recent usage for inhibiter “ 
ing will be discussed; see Non-Specific Inhibitors LP 
Anticoagulants), testing with a Russell’s viper veno™ ba 
known as the Stypven time will produce a normal 


4q-8 4. 
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,aboratory Testing and Results for Factor 


Results Reference Range 


>14 sec 10,0-14,0 sec* 
ees itis eos asus 
500% 50-150% 
al) cus <25sec - <25 sect 
550% 50-150% 


in time; aPTT = activated partial thromboplastin time; sec = seconds. 
me prothrombin se for illustrative purpose 
center 


-_ FVil deficiency because the venom directly activates 
time 19 assing the extrinsic pathway completely. Docu- 
f ae of F VII deficiency requires the performance of a 
evil activity assay: eather 

yl deficiency can be acquired with liver disease, 
., therapy, broad-spectrum antibiotic use, or dietary 

‘, K deficiency. Treatment can include FFP, PCC, 

vor vitamin K supplementation, In addition, a genetically 

; preparation structurally similar to human plasma- 

derived F Vila, recombinant activated factor VII (rFVIa) can 

be used in congenitally deficient patients with a hemorrhagic 

js. Vila was approved by the FDA in 1999 as a treat- 

ment option in hemophiliacs with inhibitors (see Hemophilia 
A;see also Circulating Anticoagulants/Acquired Inhibitors). 


factor Vill (Antihemophilic Factor) 

and von Willebrand Factor 

Factor VIII (F VIII) is a large glycoprotein (mw 330 kD), 
essential for the normal rate of thrombin production and 
critical to maintaining hemostasis. The liver is the site of 
F Vill synthesis but not by hepatocytes; severe hepatic 
failure does not cause F VIII deficiency.**** Some evidence 


Factor ViIIC 


50%-150% 


330 kD 


tenase assembly 
aPTT; factor Vill Assay 
IRMA, ELISA 


Sex-linked recessive 


Clinical Sa 
disorder Caused by deficiency Hemophilia A 


“plasma, 

the 

FPA tgge ‘Wo proteins are Present as a macromolecular complex: FVIII:vWWF complex 
ked 

Sout: From immunosorbent assay; 


1985;54:871, with permission, 


£27-5 Selected Propertiesiof Factor VIIIC and von Willebrand Factor* 


Hepatic sinusoidal epithelial cells Endothelial cells, Megakaryocytes 


Procoagulant; cofactor; Intrinsic 
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Suggests that hepatic sinusoidal endothelial cells are the 
Major site of synthesis.“ 

__ FVIII (also known as the antihemophilic factor) is secreted 
into the plasma, where it circulates as a macromolecular 
complex with von Willebrand factor (vWF), designated as 
F VIII:vWES vWF is synthesized within megakaryocytes and 
endothelial cells as a high molecular weight (HMW) mono- 
Meric glycoprotein (mw 250 kD) that dimerizes and polym- 
€rizes into even higher molecular weight molecules known as 
multimers. vWF is stored and secreted from granules within 
endothelial cells, known as Weibel-Palade bodies, and from the 
alpha granules in platelets.“ These multimers are secreted and 
Circulate in the plasma as a heterogeneous mixture, with molec- 
ular weights ranging from 600 to 20,000 kD.” The plasma 
half-life is approximately 24 hours. Only 1% to 2% of the 
F VIII:vWF complex functions as the clotting factor, or coagu- 
lant, designated as F VIIIC. This fraction is measurable by spe- 
cific factor assay. F VIIC has a short half-life of approximately 
8 to 12 hours while bound to vWF. It functions as a cofactor, 
having no enzymatic activity of its own. Proteolytic cleavage, 
by tissue factor-initiated thrombin generation, activates F VIC 
to F VIIICa. It then dissociates from vWF, allowing it to func- 
tion as the cofactor to activated F IX (F [Xa) and react with 
platelet phospholipids and calcium ions to form the intrinsic 
tenase complex; this accelerates the conversion of F X to F Xa 
(see Chapter 25), The remaining portion of the F VIII:vWF 
complex mediates platelet adhesion and also stabilizes PF VIIIC, 
protecting it from enzymatic degradation or inhibition. The 
F VIII:vWF complex serves as a carrier to concentrate F VIIIC 
at the site of vessel damage. After vessel injury, vWF interacts 
with exposed subendothelial collagen and the glycoprotein 
Ib/IX/V (GP Ib/IX/V) receptors on the platelet membrane, 
resulting in platelet adhesion to the vascular subendothe- 
lium. This reaction, coupled with the fibrin-forming action of 
F VIIIC at the same site, is the critical process of hemostasis, 
(i.e., the formation of the hemostatic plug). Selected properties 
of F VIIIC and vWF are summarized in Table 27—S. 


von Willebrand Factor 


50%-150% 


600-20,000 kD 


Platelet adhesion to vessel wall 


BT, PFA-100°, RCA, automated latex agglutination, RIPA 


ELISA; Immunoelectrophoresis; automated latex agglutination 


Autosomal 


von Willebrand disease 


time, platelet function assay; RCA = ristocetin cofactor assay; RIPA = ristocetin-induced platelet agglutination; IRMA = immunoradiometric assay; ELISA = 


Marder), et al. Standard nomenclature for factor Vill and von Willebrand factor: A recommendation by the International Committee on Thrombosis and Hemostasis. 
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The generally accepted normal adult reference range for 
both F VIIIC and vWF is 50% to 150%, with 40% consid- 
ered the minimum to maintain hemostasis. Defects and/or 
deficiencies of F VIIIC and vWF cause hemorrhagic disor- 
ders with variable severities, known as hemophilia A and 
von Willebrand disease (vWD), respectively. Each disorder is 
discussed separately in detail. 

F VIIIC and vWF are also acute-phase reactants; levels 
increase during the inflammatory response to infection, sur- 
gery, cancer, trauma, or pregnancy. Inactivation of F VIlla 
by APC is required to prevent ongoing thrombin generation 
and thromboembolic complications. During some inflamma- 
tory processes, an elevated factor level in combination with 
other vascular and activated platelet-derived substances may 
promote venous thrombosis. 

Oral contraceptives and estrogen replacement therapy can 
also elevate F VIIIC and vWF levels. If there are predisposing 
factors such as surgery, trauma, systemic infection, immobili- 
zation, or an unrecognized abnormality of the anticoagulant- 
fibrinolytic mechanism, the risk of pulmonary embolism, 
deep vein thrombosis, or stroke increases dramatically, 

The laboratory assessment of F VIIIC and vWF should 
include assays of specific factor activity as well as vWF func- 
tional activity, antigenic concentration, and multimeric struc- 
ture. In addition, platelet function assays may be included in 
some cases to effectively evaluate the platelet-vWF interac- 
tions. Each of the assay types are addressed in the sections 
that follow. 


FVIIIC 

F VIIIC activity is expressed in the global test of the intrinsic 
pathway, the aPTT. Screening studies by performing the aPTT 
will be prolonged if the level is decreased or absent. A mixing 
study will normalize the aPTT. Quantitative analysis requires 
an aPTT-based or chromogenic specific factor activity assay. 
Specimen stability is limited; F VIIIC is thermolabile and 
rapidly loses activity at room temperature. 


Von Willebrand Factor 

The function of yWF cannot be determined by standard clot- 
ting assays because it is not involved in fibrin formation. A 
method that qualitatively assesses the platelet-v WF functional 
interaction is known as the ristocetin-induced platelet agglu- 
tination (RIPA) assay. This method utilizes an aggregometer, 
a device that records the change in optical density of a platelet 
suspension as agglutination occurs in response to stimulating 
agents (agonists). RIPA assays evaluate vWF binding with 
GP Ib/IX/V. 


ADVANCED CONTENT 


The vWF-platelet GP Ib/IX/V response is simulated in vitro 
using platelet-rich plasma and a substance known as risto- 
cetin, a glycopeptide antibiotic (structurally similar to van- 
comycin) first used clinically in the late 1950s. Very soon 
after its release, ristocetin was found to cause thrombocy- 
topenia; therefore, clinical use was discontinued. It was not 


until 10 years later that it was discovered to q 
mal platelets in vitro but cause little to no q 


Sglutinate p, 
; f Sglutinatio 
some patients known to have vWD.** Studies su : 


ristocetin reduces the negative charge at the plat al 
brane surface, reducing the repulsive forces between m 
lets and/or between platelets and vWF, Promoting Me 
_ agglutination.” It also induces a conformationa| ‘aa 
_ in vWE to promote binding to GP Ib/Ix/y. Nom 
_ hemophilic plasma added to vWF-deficient plasma 
_ induce agglutination due to the presence of yWr. The 1 
"assay uses ristocetin at final concentrations between 12 
_ 1,5 mg/mL. Altering the concentration of Tistocetin le 
0.2 to 0.6 mg/mL), known as the low-dose RIP met, 
' (LD-RIPA), is useful in detecting variant forms of y 
RIPA is advantageous in detecting both vWD and disord 
related to membrane GP Ib/IX/V defects (i,¢., Bern 
Soulier syndrome; see Chapter 26). A snake venom f; 
the Bothrops species, known as botrocetin, can also prod 
vWF-dependent agglutination, but its action differs fj 
_ ristocetin in that it first binds to vWF, then the comp] 
_ vWF/botrocetin binds to the GP Ib/IX/V receptor, causi 
_ agglutination. Ristocetin only reacts with the high mole 
_ lar weight (HMW) multimer fraction, whereas botrocetin 
useful to determine the reactivity of VWF with GP Ib/] 
regardless of the multimeric structure.” 


en 


The RIPA assay is not sufficiently sensitive to mild red 
tions of vWF; therefore, it only serves as a qualitative in 
cator. A method that quantitatively measures plasma y 
activity, known as the ristocetin cofactor activity as 
(RCA or vWF-R:CoF), also utilizes an aggregometer to de’ 
mine the rate of agglutination of a standardized suspensi 
of formalin-fixed normal platelets, ristocetin (1.0 mg/ 
and patient plasma. The rate of agglutination of this mix 
is compared with a calibration curve, constructed by plotti 
the slopes of the reaction tracings on dilutions of an assa' 
reference plasma versus the percentage of vWF acti 
However, this method is time-consuming, labor-intensi 
and imprecise (i.e., a coefficient of variation [CV] as high 
15%).*' Currently, the RCA method can be adapted on so 
automated analyzers. Latex immunoturbidimetry is also av 
able, utilizing latex-bound GP Ib/LX/V binding to vWF. Thi 
methods provide a more sensitive, precise, rapid, and a 
mated measurement of vWF-dependent function 

In the RCA method, the formalin-fixed platelets are 
metabolically active; therefore, the response to ristoo 
is agglutination. In the RIPA method, the patient’s m 
bolically active (viable) platelets are exposed to ristoce 
Agglutination initially occurs, but subsequent physiolog! 
changes result in the release of endogenous ADP and 
platelet-derived agonists. This response is considered 4 
gation; once yWF binds to GP Ib/LX/Y, it induces the $ 
quent GP IIb/IIIa receptor-dependent aggregation res 
(Fig. 27-2). GP IIb/IIIa is normally the physiological: 
ing site for fibrinogen during in vivo aggregation, but 


TAL. 2 Hayy, 
+ laden 
‘ ina 


Type 2B von Willebrand's 


2. 


dose). B. Abnormal response to ristocetin 0.6 U/mL 
type 2B von Willebrand's disease. Each mark on the 
ts 1-minute intervals. 


‘of fibrinogen or when vWF is at high concentrations, 
the site of vascular injury, yYWF may also induce 
ceptor-mediated aggregation process.*’ The RIPA assay 
ill produce aggregation and secretion response in normal 
ides) 
entration of plasma vWF antigen can be deter- 
eral methods: ELISA; Laurell rocket immuno- 
Moresis (IEP), using an anti-vWF:Ag-impregnated 
‘Sel (Fig. 27-3); and rapid automated methods, utiliz~ 
YWE-coated latex particles. 
ler analysis of plasma or platelet lysate is per- 
Sodium dodecyl sulfate (SDS)-agarose-gel elec 
‘ied ed by Western blotting with enzyme-linked 
nd then staining to visualize the banding pattern 
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rockets in agarose gel. The first four peaks are the standard curve dilu- 
tions, followed by various vWF:Ag levels. Peak height is proportional to 
concentration. 


(Fig. 27-4). The multimers are separated on the basis of 
molecular weight. A normal distribution pattern shows a pro- 
gression from the smallest to the largest multimers.** Defects 
in the banding pattern are visually apparent. Quantitative 
deficiencies of vWF demonstrate decreased staining intensity 
or complete absence of banding; in qualitative defects, the 
absence of high and/or intermediate molecular weight multi- 
mer bands is noticeable. 


Hemophilia A 
Hemophilia A (classic hemophilia) is a hereditary coagu- 
lopathy, second in overall frequency of the inherited bleed- 
ing disorders after von Willebrand disease. It is, however, the 
most common of the hemophilic syndromes (hemophilias A, 
B, and C). Hemophilia A is a sex-linked recessive bleeding 
disorder that has been documented for centuries. Approxi- 
mately | in 5,000 to 10,000 affected males are born annu- 
ally. The fifth-century Talmud described a bleeding episode 
that occurred after circumcision. Modern rabbinic command 
forbids the circumcision of any child in whom the diagno- 
sis of hemophilia has been made.*’ The disorder was found 
in the royal families of Europe—Great Britain, Spain, and 
Russia—via Queen Victoria who was a carrier and the source 
of hemophilia in four subsequent generations.** 

Hemophilia A is caused by a molecular defect or absence 
of the coagulant portion of the F Vill complex, F VIILC, due 
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FIGURE 27-4 vWF multimers. Samples of (7) normal plasma, (2) von 
Willebrand's plasma, and (3) cryoprecipitate, underwent electrophoresis in 
sodium dodecyl sulfate (SDS)-agarose gel. A Western blotting technique 
was performed. The gel on nitrocellulose paper was incubated first with 

a rabbit antihuman vWF:Ag antibody and then with goat antirabbit IgG, 
after which it was stained. 


to (1) a point mutation involving a single nucleotide; (2) dele- 
tion of all or part of the gene; or (3) a mutation affecting gene 
regulation.** The vWF component (vWF:Ag) of the F VIII 
complex is found to be normal in patients with hemophilia A. 
The gene for F VIIIC resides on the X chromosome: therefore, 
males inheriting the affected chromosome will manifest the 
disease, whereas females with one affected X chromosome 
will be silent (obligate) carriers of the trait (asymptomatic). 
Carriers do not exhibit clinical bleeding because one allele is 
capable of producing sufficient, functional F VIIIC to main- 
tain hemostasis. The ratio of F VIIIC to the vWF antigen 
(F VIIIC/vWF:Ag) should be approximately 1:2 in the car- 
rier.° Occasionally, females may exhibit a mild form of 
hemophilia due to increased inactivation of the normal X 
chromosome, known as lyonization. In approximately one- 
third of newly diagnosed cases of hemophilia A, there may 
be no previous family history of bleeding. This suggests that 
a spontaneous mutation may have occurred or that there could 
be several generations of female silent carriers of the trait.5!57 


Patients with F VIIIC activity less thay 
as severe hemophiliacs. They have a profo, 
disease, evidenced by intracranial and intra 
hematuria, and spontaneous hemorrhage, requiring 4, °ing 
tor replacement therapy. Frequent, Spontaneous bi d Y fae 
are the primary symptom, involving the knees, bon 
shoulders, hips, and wrists, causing crippling as ankles 
Moderately severe hemophilia demonstrates Fy e OTMties 
between 1% and 5%. These patients have less fre . Activity 
taneous bleeds; however, profuse bleeding still] bea § 
circumcision, surgery, trauma, or even minor injuries k. ' 
greater than 5% to 30% is classified as mild hemophit Ctivity 
patients may go undiagnosed until a bleeding epieds se 
such as with surgery or trauma. Approximately 10% to ns 
patients with hemophilia A develop antibodies (inhibit * of 
F VIIIC that are usually time- and temperature-depend, to 
mixing study, and are immunoglobulin (IgG) in Nature %s Te 
are capable of destroying F VIIIC at 37°C. neutralizin : 
coagulant present in therapeutic infusions and complicg, e 
treatment.*? Administration of F VIIIC concentrates may ie: 
to a rise in antibody titers in patients who have already te 
oped antibodies (an anamnestic response) to F Vinic ee 
Circulating Anticoagulants/Inhibitors).% 

There are many forms of treatment available fo 
philia A. Concentrates of human plasma F VIIIC Were Widely 
used before 1984. Since then, many patients have been treated 
with highly purified, heat- or solvent-detergent Processed 
F VIII concentrates, to inactivate hepatitis B, C, and human 
immunodeficiency viruses (HIV). Although Cryoprecipitate 
is a rich source of F VIC, it is not a product of choice due 
to the high incidence of parenteral viral transmission, because 
antiviral processing is not possible. New technologies that 
produce synthetic DNA-recombinant F VIII have signifi- 
cantly lowered the incidence of viral transmission. Patients 
in whom antibodies to human F VIIIC have developed may 
often respond to treatment with porcine F VIII; however, they 
may form antibodies to this product as well. Factor IX con- 
centrate, activated PCC, or Factor Eight Inhibitor Bypassing 
Activity™ (FEIBA™), an anti-inhibitor coagulant complex 
agent, has been used in severe cases. These products contain 
factors II, IX, X, activated F VII, and a small amount of anti- 
genic F VIIIC, which can restore hemostasis by providing 
factors beyond F VIIIC to produce thrombin.*" Thirty percent 
(0.30 U/mL) F VIIC activity is the minimum level required 
to maintain normal hemostasis. 

The laboratory findings for patients with hemophilia A 
include prolonged aPTT, normal PT, and a normal BT, PFA- 
100°. Mixing studies correct the prolongation of the aPTT. 
The deficiency is further characterized by F VIIIC activity 
under 30%, vWF activity and antigen within the normal refer 
ence range, and normal platelet function assays. The presen? 
of an inhibitor can be established when mixing studies fail to 
correct the prolonged aPTT, particularly after 37°C incuba 
tion. An inhibitor effect may be present upon factor assay(s) 
demonstrated as an increase in the apparent activity with ea ' 
dilutional step (1:10, 1:20, 1:40). The inhibitor measur 
is performed using a modified one-stage F VIIIC a 
known as the Bethesda Assay; the inhibitor titer is quant 
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its (808 Specific Inhibitors). These inhibitors 
a esd fiat from a nonspecific inhibitor (see Cir- 
Hig be Or coggulants/Inhibitors) by additional testing and 


al entation. 
se pres 
esa 1-6 OOP 
disease 
nd Disease : : 
yon Wie h physician Dr. Erik von Willebrand evaluated 
0 1925 Fi ily from the Aland Islands (an archipelago in the 
ai southwest of Finland) for a severe bleeding disor- 
ee exes were affected and presented with prolonged 
det. Both imes despite normal platelet counts and clot retrac- 
pieeding Ut Dr. yon Willebrand concluded this was a previ- 
tio ae escribed bleeding disorder, and the condition was 
ously in his honor. ; sil ; 
named differs from classic hemophilia A in three cardinal 
wwD (1) autosomal inheritance rather than sex- 


ares hemophilia with classic yon Wille- 


— longed PFA-100® 
- ved, (2) consistently prolonge - s, and (3) muco- 
fink 1s bleeding rather than hemarthroses and deep muscle 
a age. It was not until the 1970s that vWF and F VIIIC 
found to be different proteins produced by different cells 
ander different genetic control. } 
yWD is the most common inherited bleeding disorder, 
ing both males and females equally. It results from 
yarious mutations within the vWF gene located on chromo- 
some 12, causing either quantitative or qualitative defects 
of plasma yWF. These differences arise due to the charac- 
teristics of the mutation(s); the autosomal inheritance pat- 
tern, either dominant or recessive; and whether it occurs ina 
heterozygous or homozygous genotype. These variations in 


Hemophilia A 
F VIIIC 


7-6 Comparison of Hemophilia and Classic von Willebrand Disease 


Sex-linked recessive 


Hemarthroses; muscle, soft tissue bleeding 
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Senotype produce various phenotypes of the disease. WWD 
is divided into three main types, designated as types |. 2, 
and 3. Type 2 vWD is further subdivided into four subtypes. 
designated as 2A, 2B, 2M, and 2N. There is an additional 
disease Category related to the platelet vWF receptor, known 
as platelet-type/pseudo-vWD, which has a similar presen- 
tation as VWD but does not involve a mutation in the vWF 
gene. There are also acquired forms of vWD. Each is dis- 
Cussed separately, 

Because F VIIIC circulates as a complex with vWF nor- 
mally in close correlation, patients having reduced or absent 
levels of the VWF protein may also have reduced or absent 
levels of F VIIIC. This may initially cause suspicion of 
F VIIIC deficiency. However, levels of F VIIIC are usu- 
ally slightly greater than the level of vWF:Ag, presumably 
because there is a normal gene present for F VIIIC, and the 
potential binding sites are saturated when levels of YWF:Ag 
are reduced.45 The ABO blood type has also been found to 
have a significant effect on the amount of vWF:Ag produced; 
individuals who are type A, B, or AB have much greater mean 
plasma vWF:Ag concentrations than type O individuals, 
affecting the severity of symptoms.** 

Patients with vWD present with mucocutaneous bleeding, 
frequent epistaxis, ecchymosis, easy bruisability, gastrointes- 
tinal bleeding, and menorrhagia, as well as hemorrhage after 
surgery, childbirth, or dental extractions. These manifestations 
are caused by the inability of platelets to adhere to subendo- 
thelial collagen after injury to the blood vessel.“ vWF and 
F VIIIC are acute-phase reactants as well, known to increase 
during stress, inflammation, pregnancy, with oral contracep- 
tive use, estrogen replacement therapy, or after surgery. These 


von Willebrand Disease (Type 1) 


menorrhagia 


Moderate to severe 


Ne 
hence = abnormal; F VIliC = factor Vill coagulant activity; PT = prothromin time; aPTT = activated partial thromboplastin time; vWF:Ag = von Willebrand factor antiges 


Mild to moderate 


N/ABN (variable) 
N 


f N/ABN (variable) , 
N/ABN (variable) 
NVABN (variable) 
N/ABN (variable) 


N/ABN (variable) 


N pattern with decreased total concentration 


Ctor assay; PFA-100° = platelet function analyzer; RIPA = ristocetin-induced platelet agglutination, 
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variables create difficulties in the evaluation and diagnosis of 
patients suspected of having vWD, especially in mild cases. 
Therefore, it may be necessary to study these patients on mul- 
tiple occasions to determine whether vWD is the cause of 
their bleeding symptoms.*”** 

Due to the various types of vWD, the clinical presentation 
can vary. Patients with severe forms of vWD present with a 
normal PT, prolonged aPTT that corrects on mixing study, 
normal platelet counts, and abnormal BT, PFA-100® (see 
Table 27-6). Additional assessments must include assays for 
F VIIIC activity, vWF activity and antigen, RIPA, LD-RIPA, 
and vWF multimeric analysis to further identify the specific 
variant type. This identification is essential for proper diagno- 
sis and treatment (Table 27-7). 


Type 1 vWD Type 1, or classic vWD, is the most common type 
(70% to 80% of cases), inherited as an autosomal dominant 
trait. It is caused by partial deletions of the VWF gene, lead- 
ing to a quantitative, proportional deficiency of normal func- 
tioning vWF activity and antigen. Symptoms are mild and 
can present with an abnormal PFA-100® analysis. F VIIIC 


activity is decreased, causing the aPTT to be tne 
PT and platelet counts are normal. RIPA may be Te 


decreased (dependent on the degree of deficjen oTMal 4, 
mally absent response to LD-RIPA, as wel. The Se 
pattern is normal but displays decreased Staining tite 
(i.e., the distribution of the various molecular Wei 
mers on agarose gel electrophoresis is complete bus Mauls, 


reduced), 
Regular treatment is not required if Patients are 

tomatic. Type 1 vWD can be treated Prophylacticajy, "> 

necessary with desmopressin acetate, a synthetic md Fs 


the antidiuretic hormone vasopressin, also 
(1-deamino-8-D-arginine-vasopressin), before dentaj 
surgery, and after bleeding episodes, thereby avo; 


cy), me 
HOr. 


uty 


of 
AVp 
w 


known as DD 


ding expo. 


sure to blood products. This medication causes the vip 


and F VIIIC activity to increase transiently, 


@pprox imately 


two- to five-fold, by stimulating release from the endoth, 
ne. 


lial Weibel-Palade bodies. This medication 
ful in patients with mild hemophilia A. Some Patien 
not respond to DDAVP; a trial course (“challenge 


CaN also be pss 
tS may 
Study”) 


may be administered in advance of elective Proced: 7 


TABLE 27-7 Laboratory Diagnosis of Classic von Willebrand Disease (Type 1) and Variants 


Bleeding time N/ABN Marked ABN = ABN ABN N/ABN 
(variable) (variable) 
Platelet count N N NormildDEC N N 
FVIIC N or DEC Nor DEC Nor DEC N or DEC Nor DEC 
vWF:Ag DEC Nor DEC Nor DEC Nor DEC DEC 
RCA DEC Marked DEC NorDEC Marked DEC DEC 
Multimeric Structure of vWF: 
Plasma VWF N, with Absence of Absence N; may be N 
quantitative intermediate of HMW larger than 
decrease and HMW multimers normal 
multimers 
Platelet VWF N Absence of N N N 
intermediate 
and HMW 
multimers 
RIPA Nor ABN Marked DEC N ABN N 
LD-RIPA N N ABN Negra 
F VIIIC-vWF binding ‘i > = — — DEC 
VWF binding to GP-Ib/IX/V — — INC _ = 
vWF binding assay es = wre: ABN = 2 
Spontaneous self-aggregation — = Present 


Mild DEC 
Nor DEC 
Nor DEC 


Nor DEC 


Absence of 
timers 


HMW mu 


ABN 


Normal or 
decreased 


Platelet agglutination; HMW = high molecsat a Sanat | 
th ed. Philadelphia: WB Saunders; 1984, p 777, wit 
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gree of response. Patients who fail to respond 
receive eryoprecipitate or VWF concentrate 
us is or treatment. 


4 2 vWD subtypes (15% to 20% of 
type 2 a ative defects of the VWF molecule, with 
“cases ea juctions in the components of the F VIII/vWRF 

un d abnormalities in the multimeric distribution. 
—ampleX+ sesociated with missense mutations of the vWF 
ma 4 inherited as autosomal dominant traits unless 
8A 4g otherwise: 
me ywD is the most common of the type 2 disorders, 
P ctional defect of vWF causes a decreased affin- 
A of vWF for platelets, reducing platelet adhesion; this is 
it to the absence of the HMW multimers in the plasma 
pe 2 platelets. There is a disproportionately lower vWF 
Rae: relative to the antigenic concentration, with a ratio 
cnerally less than 0.7. Bleeding symptoms may be mild to 
ately severe: PFA-100®, RIPA, and vWF activity are 
a ; platelet count, PT, and LD-RIPA are normal. Lev- 
f F VIIIC and vWF:Ag may be normal or decreased. 
aPTT may be affected, dependent on F VIIIC levels. 
ent involves the use of vWF concentrates or com- 
F VIII concentrates with a near-normal complement 
fmultimers.*° DDAVP is ineffective as a treatment modal- 
due to the presence of dysfunctional vWF. 

ne 2B 
Type 2B vWD exhibits a qualitative defect of VWF in which 

is an increased affinity for the platelet GP Ib/IX/V 

ptor. In this variant, there is an absence of only the high 
ar weight multimers in the plasma, whereas the plate- 
ated multimers are normal.” The multimers are the 
important for normal platelet function; each subunit 
s numerous binding sites for the GP [b/IX/V receptor 
Testing platelets and the GP !!b/II!a receptor on activated 
telets. This high number of platelet-binding sites cor- 
les with the highly adhesive properties of this fraction, 
eby facilitating aggregation.” A differential laboratory 
ing in this disorder is an abnormal LD-RIPA response 
in-of-function defect”), that is, enhanced aggregation 
when testing with very low concentrations of risto- 
(€-g., 0.2 to 0.6 mg/mL). Type 2B vWD requires the 
of VWF concentrates; DDAVP administration is contra- 
“a, as the release of abnormal vWF molecules with 
eased affinity to normal platelets would cause acceler- 
ce, exacerbating the thrombocytopenia.” 


_ type 


ode! 


moleci 


2M 

aM Cmultimer”) vWD is a very rare form in which 

me defect of yWF causes decreased or absent 

BO vWF to GP Ib/IX/V as in type 2A; however, 
distribution is normal. There are two known 
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mutations in the GP Ib/IX/V binding site that selectively 
impair ristocetin-induced binding of vWF to the platelet but 
do not affect botrocetin-induced binding.” This is one of 
the differential tests that can be used to distinguish this varl- 
ant. VWF activity is disproportionately decreased relative 
to levels of the antigen and F VIIIC, which may be normal 
or slightly decreased. The binding of vWF to F VIIIC is 
normal. PFA-100® is increased with normal platelet 
counts. The PT is normal, and the aPTT will be normal if 
the levels of F VIIIC and vWF antigen are hemostatically 
normal. The RIPA response is decreased with a normal 
LD-RIPA. Treatment requires the use of vWF concentrates 
Or cryoprecipitate. DDAVP is ineffective. 


Type 2N 

Type 2N vWD (“Normandy variant”), initially described in 
patients from the Normandy region of France, is inherited 
as an autosomal recessive trait and defined by a markedly 
decreased affinity of vWF to F VIIIC. The majority of these 
patients are either homozygous or compound heterozygous 
for these mutations; another group of patients with this vari- 
ant appears to be heterozygous for one of the mutations that 
produces the F VIIIC binding defect as well as co-inheriting 
an allele associated with type 1 vWD.” The levels of 
VWF antigen and activity are normal or decreased, the 
multimer distribution is normal, but the level of F VIIIC 
is disproportionately lower than levels of vWF; in the past, 
this may have caused misdiagnoses of hemophilia. The 
disorder could be considered an autosomal form of hemo- 
philia A. The platelet-dependent function of YWF is normal; 
therefore, the RIPA and LD-RIPA will be normal. Platelet 
count and PFA-100® are normal. The F VIIIC is structurally 
normal but unstable, with a shortened half-life due to the 
inability to bind its protective carrier protein. DNA sequence 
analysis may be used for confirmation in cases where the 
F VIIIC binding ability of VWF is severely reduced.”* Treat- 
ment of this variant requires the use of VWF concentrates or 
cryoprecipitate. DDAVP is ineffective. 


Type 3 vWD Type 3 vWD is the most severe form of quan- 
titative deficiency (1% to 3% of cases), inherited as a 
homozygous or double heterozygous autosomal recessive 
trait. Total deletion of the vWF gene causes a complete 
deficiency of vWF in the plasma, platelets, and endothelial 
cells. vWF antigen, activity, and multimers are undetect- 
able. F VIIIC activity is usually 2% to 5% due to the lack of 
its protective carrier protein.” PFA-100®, RIPA, and aPTT 
are severely abnormal. The PT, platelet count, and LD-RIPA 
are normal. This form may initially be confused with hemo- 
philia A by its clinical presentation (e.g., hemarthroses, 
intramuscular bleeding). Treatment of this form of yWD 
requires the replacement of vWF and F VIIIC, with con- 
centrates that contain a normal complement of multimers 
and have been treated to inactivate any blood-borne viruses. 
Development of anti-vWF alloantibodies is possible if 
patients are infused with plasma-based products, reducing 
the effectiveness of therapy.” Allo-antibody formation has 
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been reported in 10% to 15% of type 3 vWD patients as a radiation, or immunosuppression. The Presence 


R F . of 
result of transfusion of vWF-containing products, similar to antibody will affect the efficacy Of any VWF-r~ rs ty, 
patients with hemophilia A who produce anti-F VIIIC anti- product administered to the patient. High-dose mete 
bodies (see Specific Inhibitors). nous immunoglobulin (IVIG) therapy IS effective in a 
patients. The circulating autoantibody js Neutralizer ce 
Platelet-Type or Pseudo-vWD Platelet-Type or Pseudo- high content of anti-idiotypic antibodies (ie ed by ; 
VWD is not a true vWD; the abnormality is intrinsic to the Pretinteract with the anti gen-combining aio bps 
platelet, although clinical bleeding symptoms and labora- antibodies) in the IVIG preparation.” This ‘ilo: Ff othe, 
tory findings are identical to those of type 2B vWD. Classi- taneous rise in F VIIIC and vWF levels to occu, of Spon. 
fication as pseudo-vWD is due to the absence of mutations | 1+ 5 tg 3 weeks, as prophylaxis for surgical} ‘ie ite 
in the vWF gene. A mild thrombocytopenia develops, and or to maintain hemostasis. However, most case Cedures 
larger-than-normal platelets are present on a peripheral S are 


aged with supportive measures such as contr, 


Pe olli i 
smear.** The presence of a positive LD-RIPA response, hemorrhage or preventing complications from DG acute 


as in type 2B, may cause misdiagnosis. Classification is : MOrhage 
crucial because treatments differ between these two dis- Be oh dose ans ane F Vitic 
orders. Differentiation can be assisted by performance of Jasma exchange, immunoadsorption, or ve arian | 
the vWF binding assay. In this method, the patient’s plasma is ted F VII Son centrates %2! ? Ombinant ac. 
YWF is tagged with a vWF-specific monoclonal antibody 

and reacted with normal formalin-fixed platelets at vari- 
ous concentrations of ristocetin. This assay cannot rule out 
pseudo-vWD; a patient with type 2B vWD would show 
increased vWF binding at lower ristocetin concentrations 
than normal vWF, or vWF found in pseudo-vWD.”* An 
abnormal vWF binding assay is diagnostic of type 2B vWD. 
Diagnosis of pseudo-vWD requires a normal vWF binding 
assay result, in conjunction with other test results typical of resides on the X chromosome. In the coagulation sequence 
this type, as well as vWF and platelet GP Ib/IX/V genetic F IX participates in the intrinsic pathway, where it is activated 
mutation analysis. Platelet concentrates are required to treat by F Xia in the presence of calcium ions to become a serine 
patients with this disorder. protease, F IXa. A second mechanism of activation, which 
bypasses the intrinsic contact system (i.e., F XII, high molec- 
ular weight kininogen, and prekallikrein), occurs through 

82 , H 

CRITICAL THINKING QUESTION TF and F Vila (see Factor VII).*° F [Xa, in the presence of 


F Villa, calcium ions, and platelet phospholipids (PF3, 
27-2 \f hemophilia A and von Willebrand Disease are the 


‘ phd forms the intrinsic tenase complex that activates F X 
result of different deficiencies, why are the PT and PTT Although F IXa alone is capable of slowly activating F X 
results the same for both? 


in the presence of phospholipid and calcium ions, neither 
F VIIIC alone nor F VIIIC plus thrombin activates F X in 
the absence of F IXa.*° Factor IX is as critical to hemostasis 
Acquired von Willebrand Syndrome (aVWS) Acquired von _as F VIIIC. The generally accepted normal adult reference 
Willebrand Syndrome (aVWS) is a very rare bleeding disor- _ range is 50% to 150%. 

der, with symptoms identical to vWD, but without any genetic H , 

; re . : : emophilia B | 
defect, ihe avs FangevEIn % Polite wba venisey of Factor IX deficiency, also known as hemophilia B, isa 
Fonditions oc without ERY BDRAISA CAUSE SF CD Sp sre sex-linked bleeding disorder, as in hemophilia A. Females 
BUY 88% when these ig Rieck Sarai hiistory, an a ot ee with the deficiency are quite rare; they are obligate carriers 
eae AIEEE DOE ae ne ig of the disorder. However, spontaneous mutations do ark 
is most often associated with lymphoproliferative disorders, The majority of mutations that cause hemophilia Bare a 

h or chronic lymphocytic leukemia, as sense or nonsense types. There are also deletions or inse! 
muctasithe lymp ee thi h Itip| | é mutations of portions of the gene. It is the type of mutation 
qell.as monoclonal denice A eee ay the region of the gene affected that determine the clin 
pnd Waldenstriay macrogiobolinemis, cal severity. The presenting symptoms of hemophilia A and 
B are identical; it was originally believed that these wer the 
ADVANCED CONTENT same disorder. In 1947, it was observed that mixing plasm 


from two unrelated hemophilic patients would eg 
Some cases of aVWS can be eradicated by treating the _ the clotting time in the mixed plasma.***** Hemophitia 


: + and cok 

underlying disorder, but the treatment must be tailored to became known as “Christmas disease” by Biggs and i 

the specific cause. This may involve surgery, chemotherapy, —_leagues,*” so named after the surname of the first patient te 
had seen with the disorder. Since then, F IX is also kno” | 


cere 


Factor IX (Christmas Factor; Plasma 
Thromboplastin Component [PTC]) 
Factor IX (F IX) is a single-chain glycoprotein (molecular 
weight approximately 60 kD) synthesized by the liver and is 
vitamin K—dependent. The gene coding for its production also 


— — 
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and synonymously as plasma thromboplas- 
cusenas oh PTC) as a necessary factor in the formation 


fine abin. f inherited F IX deficiency in the United 
of thro" idene® “approximately 1 per 30,000, or 100,000 
siates dwide.** As in hemophilia A, the level of F 1X 
rate births ifies the severity of the disorder: Severe cases 
i i 1% activity; Moderate, greater than 1% to 
we less we Mild, greater than 5% to 30% activity. In 
% activity hilia B, there is a total absence of F IX both in 
factor assay, 2S well as antigenic assay. Due to the 

gaivity OY mutations, some hemophilia B patients synthe- 
yaniability jonal or dysfunctional variant of the F IX mol- 
oc anonfunct others do not have identifiable F IX antigen 
wher and, therefore, have a true absence of synthesis 

jn the le? Measurement of F IX antigen and activity 
of the molec i the accuracy of determining carrier status.” 
greatly deficiency states can be seen in patients with liver 
nutritional vitamin K deficiency, and in patients on 


a. t therapy. 
onl tment of patients with severe to moderate F IX defi- 


consists of infusions of FFP, PCC, or purified F IX 
ceacy Patients with mild deficiencies usually receive 
Bc catment in association with both major and 

: » The most serious complication in patients 
a Rtas) len hemophilia A, is the formation of 
4 ibodies/inhibitors to F IX. These are extremely 
difficult to manage, especially in life-threatening situations. 
‘nd they occur in approximately 10% of patients with F IX 
Riera S92 


The laboratory findings in F IX deficiency include a 
normal PT, TT, and PFA-100*. There is a prolongation of the 
PTT that corrects in mixing study. Patients with inhibitors 
would demonstrate noncorrection of the aPTT. Assays of 
F IX activity produce decreased to absent levels. Patients 
with an inhibitor to F IX will be evident as an inhibitor 
efiect during factor assays (as described earlier under 
hemophilia A); these must be differentiated from a nonspe- 
tific inhibitor (see Circulating Anticoagulants/Inhibitors, later 
inthis chapter) by additional testing and clinical presentation. 


Factor X (Stuart-Prower Factor) 
Factor X (F X) (mw 58.8 kD) is a vitamin K—dependent 
Biycoprotein composed of a light chain and a heavy chain, 
beld together by a single disulfide bond.**** The heavy chain 
Sontains the catalytic domain of the protein.” It is synthesized 
y the liver and released into the plasma as a precursor to a 
Stine protease. The conversion of F X to its proteolytic form, 
FXa, mvolves the cleavage of a peptide bond in the heavy 
Sat This reaction, in the intrinsic pathway, is catalyzed by 
a, tenase complex (F [Xa, F Villa, calcium ions, 
Platelet phospholipid). This same bond is cleaved by the 


ae complex (F Vila, TF, and calcium ions) from 
Also Pathway. 
Known as the Stuart-Prower factor, it gets its name 


fom two 
Ptced ; fases found to have this abnormality. The first, 
i 1956, was a 22-year-old English woman named 


? Prower having a history of two significant hemorrhagic 


episodes after a dental extraction and tonsillectomy; she also 
had a brother that died of postoperative hemorrhage after a 
tonsillectomy at the age of 5.% The second, in 1957, was @ 
36-year-old male patient named Rufus Stuart. 

Congenital F X deficiency is inherited as an autosomal 
Tecessive disorder, caused by missense mutations in the gene 
for F X also carried on chromosome 13.4% It is extremely 
rare, with an incidence worldwide of only 1 in 500,000 to I in 
1 million. Heterozygous patients are asymptomatic and may 
only be detected during family studies performed after the 
birth of an afflicted newborn. 

Deficiency of F X may occur at any age, but the most 
severe hemorrhagic symptoms can occur in infancy with 
excessive umbilical cord bleeding or intracranial hemorrhage. 
Sites can vary according to the severity of the deficiency. 
Clinical symptoms range from easy bruising, epistaxis, hema- 
turia, gastrointestinal bleeding, menorrhagia, and after trauma 
or surgery in mildly affected patients (5% to 10% activity) to 
hemarthrosis, intramuscular, bleeding central nervous system, 
and severe postoperative hemorrhage in the most severely 
affected patients (less than 1% activity). Pregnant women 
may experience first trimester miscarriage or severe postpar- 
tum hemorrhage. The generally accepted normal adult refer- 
ence range is 50% to 150%. 

Usually, the diagnosis of inherited F X deficiency can be 
made by an appropriate family history and laboratory data. 
However, differentiating between inherited and acquired defi- 
ciencies should include the consideration of liver disease and 
vitamin K deficiency. Acquired F X deficiencies usually coin- 
cide with other vitamin K—-dependent factor disorders. 

F X deficiencies have been reported in patients with amy- 
loidosis,"” as well as respiratory infections, acute leukemia, 
and other malignancies. Rare, variant forms of F X deficien- 
Cies exist due to amino acid substitutions or deletions, which 
produce different patterns of results with PT, aPTT, and F X 
antigen levels.'” 

Laboratory testing results typically seen in this deficiency 
include a prolonged PT and aPTT, both of which correct 
on mixing study (Table 27-8). The TT and PFA-100* are 
normal. The Stypven time is prolonged, due to its dependence 
on normal levels of factors II, V, X, fibrinogen, and phos- 
pholipid. Factor activity assay, typically using the PT meth- 
odology, is decreased or absent. Factor assays by either the 


TABLE 27-8 Laboratory Testing and Results for Factor X 
Deficiency 


10.0%-14.0 sec* 


Other factor activities 


PT = prothrombin time; aPTT = activated partial thromboplastin time: sec = seconds. 
*Genenk reference range for illustrative purpose 
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PT-based or aPTT-based methods may be used to determine 
factor activity (F X is part of the common pathway, which is 
measured by both tests); however, there are variant forms of 
F X deficiency in which discrepancies in the results can occur, 
depending on which methodology is used. 

Treatment consists of transfusions with FFP or PCCs. The 
level of F X in PCCs can vary between preparations, and use 
of these products at higher volumes can lead to thromboses. 
In 2015, the U.S. Food and Drug Administration approved a 
human plasma-derived coagulation Factor X concentrate for 
adults and children over age 12. The need for these treatments 
should be guided by the severity of the hemorrhagic episode. 
Additional modes of treatment can also include antifibrino- 
lytic agents for mild bleeding after dental extractions or other 
minor surgical procedures. 

A minimal level of 15% to 20% is considered adequate 
for hemostasis. If the deficiency is acquired by poor diet or 
oral anticoagulant therapy, vitamin K supplementation may 
be therapeutic. 


Factor XI (Plasma Thromboplastin Antecedent 
[PTA]) 

Factor XI (F XI) (mw 143 kD) isa plasma glycoprotein com- 
ponent of the intrinsic coagulation pathway and is also consid- 
ered to be part of the contact activation pathway (comprised 
of F XII, high molecular weight kininogen [HMWK], and 
prekallikrein [PK]). Synthesized by the liver and secreted into 
the plasma as a zymogen to a serine protease, it circulates 
in complex with HMWK.'® Structurally, it is composed of 
two identical polypeptide chains linked by a single disulfide 
bond.'*"™ In vitro, after contact activation by a negatively 
charged surface such as glass or reagent silica, celite, or kaolin, 
F XIla with HMWK acting as a cofactor cleaves the same 
peptide bond on each chain, forming F XIa. In vivo, there is 
no physiological activating surface: thrombin activates F XI 
via a feedback mechanism generated by the TF-F VII path- 
way. The substrate of F XIa is F IX. 


Hemophilia C 
F XI deficiency, or Hemophilia C (also known as Rosen- 
thal syndrome), is the fourth most common of the inherited 
bleeding disorders.’ The estimated incidence in the general 
population is approximately 1:1 million. It is inherited as an 
autosomal recessive trait and seen predominately among the 
Ashkenazi Jewish population in 1:450 individuals.'® Those 
most severely affected are homozygous, approximately 
0.2%; the heterozygous frequency within this group is nearly 
1 in 8,107,108 

F XI is the only factor among the contact activation path- 
way components in which a deficiency may lead to a bleeding 
diathesis. The remaining proteins participate in the inflamma- 
tory response, complement activation, fibrinolysis, and kinin 
formation.''? The clinical presentation is very heterogeneous; 
patients may be asymptomatic, and mild symptoms can range 
from bruising, epistaxis, menorrhagia, hematuria, prolonged 
or delayed postpartum bleeding, and bleeding after dental 
extractions. Those with partial deficiencies can have signifi- 
cant hemorrhagic events requiring massive replacement ther- 
apy. Plasma levels do not always predict the occurrence of 


oo 


postoperative or post-traumatic bleeding. Levels 6 fF 
fluctuate with time, and bleeding episodes vary in X May 
a variety of surgical procedures." There ig. } Nae Me is 
degree of correlation between the Severity of 4 Ver, 50mg 
challenge and severe bleeding." It has been re Mostar. 
with F XI deficiency the occurrence of bleeding ma me that 
with the site of injury or surgical procedure. Whe, ; COTTelate 
high fibrinolytic activity is involved (e.g., the Shy: Wit 

nasopharynx, or genitourinary tract), the risk of blee by y, 
increased in comparison with sites without fibrinolyt, Mg jg 
ity, 109.110 € actiy, 

Normal F XI activity is generally considereg to 
to 130% and may vary by institution or published 
Heterozygous individuals have activities that Tang 
20% and 70%. Homozygous F XI deficient patient 
factor levels ranging from less than 1% activity 
Antigenic levels parallel the clottable factor activity, dem, 
strating the decreased level of production of the Protein a 
els of less than 20% factor activity are considered atl 
deficient and will result in postoperative bleeding. ’ 

The laboratory features associated with a F yy def 
ciency include a prolonged aPTT that corrects on ae 
ing study and normal PT. The PFA-100° and TT are both 
normal. F XI activity assays produce decreased or absent levels 
Freezing and thawing the plasma can cause cold activation 
of the contact system and significantly shorten the aPTT < 
F XI-deficient patients. Therefore, it is advisable to perform 
the factor activity assay on a fresh plasma sample when there 
is a high suspicion of deficiency.'* Because of the variability 
of factor activity in some individuals, repeat testing is war. 
ranted in questionable cases. 

Routine replacement therapy is not required for patients 
with F XI deficiency unless they require surgery. Preoperative 
infusion of FFP may be required to avoid severe hemorthage. 
An increase in factor activity of 20% to 30% is adequate i 
hemostasis.'? Additional treatments can include antifibrino- 
lytic agents, and in patients with known significant bleed- 
ing history, plasma-derived F XI concentrates may be used. 
Recombinant F VIla has also been used in small dosages for 
the management of patients undergoing surgery or in patients 
with inhibitors or having a history of allergy.''° Circulating 
alloantibodies (inhibitors) can arise in patients with severe 
F XI deficiency after exposure to plasma products. Further 
plasma infusions will not control bleeding, but there may bea 
response to activated PCC (FEIBA™), such as those used to 
treat patients with F VIII or F IX inhibitors.!” 


be 70 
Teference 
e betwe, 

May have 
UP to 10%, 


ADVANCED CONTENT 


Recent studies have found that a high level of F XI! act’ 
ity, such as greater than 120%, is a risk factor for ven0¥ 
thrombosis.'"* F XI participates in the intrinsic coagulant 
pathway leading to the formation of thrombin; howe’ ef | 

X1 can also be activated by thrombin, both in the pet” 
and in the absence of negatively charged surfaces." 

feedback mechanism leads to further thrombin generation 


—— 
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the formation of fibrin, and for protection 
; - js.!¢ Thrombin mediates this protective 
ay activating thrombin-activatable Jibrino- 
so AFI),""? which removes the sites neces- 
inn ng and activating plasminogen. Therefore, 
Be 0 mbosis associated with high levels of F X] 
h explained by the role of F XI in the inhibition of 


xi! Hageman Factor) 

factor xn XI} (mw 76 kD), also known as Hageman factor, 
Factor sn beta globulin.'* The gene has been identified 
jsasingie-cha™ 5. It is synthesized by the liver and is one of 
on chr <a of the contact activation pathway, circulating as an 
the “ve zymogen Contact with negatively charged surfaces 
inactive ( solid-phase activation), such as glass, celite, silica, or 
ia vitro or chemical activation with ellagic acid found in vari- 
ieolit, reagents, causes the autoactivation of F XII and 
<< conversion to a serine protease.'' This process initiates the 
ean. pathway of coagulation. In vivo (fluid-phase) activa- 
occurs by contact with the contents of cell membranes or 
Ne charged subendothelial structures, such as colla- 
In this process, F XII undergoes a conformational change 
ES x jts active site, which then converts PK to kallikrein 
and subsequently activates F XI.'° Additional F XIla is 
due to cleavage by enzymes such as trypsin, plasmin, 
pimiien The presence of small amounts of F XIIa leads to 
activation of its substrates: PK, F XI, and HMWK. These 
Bes activate more F XII, amplifying the reactions. F XIla, 
F Xla, and kallikrein stimulate the conversion of plasminogen 
to plasmin, the enzyme critical to fibrinolysis. There is also 
an integral relationship to the kinin and complement systems 

with effects toward the inflammatory response. 

Deficiency of F XII is a very rare disorder (1:1 million) 
inherited as an autosomal recessive disorder. It is also known 
4s Hageman trait, after the first patient identified with this 
deficiency in 1955. Homozygotes are severely deficient (less 
than 1% activity), whereas heterozygotes may possess 20% 
to 60% activity. Normal F XII activity is generally consid- 
ered to be 70% to 140%, varying by institution or published 
reference. This disorder is asymptomiatic; it is not associated 
with clinical bleeding or surgical/traumatic hemorrhagic 
Tisk. Paradoxically, there is an increased risk of spontaneous 
thromboembolic complications (i.¢., pulmonary embolism, 
myocardial infarction), which could be life-threatening due to 
inadequate activation of the fibrinolytic pathway. It is notable 
that Mr. Hageman’s death was due to a pulmonary embolism. 

This defect is usually an incidental discovery during pre- 

Screening; however, it requires resolution before sur- 
Seq Proceed. Deficiencies of factors VIII, IX, or XI must 
out. 


— ratory analysis indicates a normal PT and a markedly 
BOtes that aPTT, often greater than 200 seconds in homozy- 
Yields Corrects on mixing study. Specific factor analysis 


8 a AIR" ass es 
definitive ai r absent F XI] activity, which is required for 


No therapeutic factor replacement treatment is required for 


patients with F XII deficiency. In cases of thromboembolic 
events, anticoagulation and/or fibrinolytic agents may be 
required to stabilize the patient. Prophylactic anticoagulation 
may be instituted in situations where the risk of thrombosis 1s 
increased. 


Factor XIII (Fibrin-Stabilizing Factor) 

F XIII (mw 320 kD) circulates with fibrinogen. In the final 
stages of the plasma coagulation process, the generation of 
thrombin, polymerization of fibrin, and the activation of fac- 
tor XIII (F XIIla) are responsible for the formation of a stable 
fibrin clot. F XIII is a zymogen for a plasma transglutaminase, 
in the presence of fibrin, thrombin and calcium ions convert F 
XIII to the enzymatic F XIIla.'2"" It is the only enzyme in the 
coagulation system that is not a serine protease. F XIIIa func- 
tions as a catalyst, forming covalent bonds (cross-linkages) 
between the alpha and gamma chains of fibrin monomers, and 
various other protein substrates such as alpha-2-antiplasmin, 
collagen, and fibronectin.” These actions contribute to hemo- 
stasis, proper wound healing, and the maintenance of preg- 
nancy. It has a very long half-life of approximately 1 week. 
By cross-linking fibrin to alpha 2-antiplasmin, F XIIIA also 
protects fibrin from fibrinolysis.’ 


ADVANCED CONTENT 


Extracellular or plasma F XIII consists of two subunits: two 
A chains and two B chains in a heterotetrametric confor- 
mation. There is also megakaryocyte-synthesized F XIII, 
primarily found in the platelet alpha granules. The A chains 
exist in various cells and tissues, such as placenta, platelets, 
macrophages, and monocytes, and contains the active cata- 
lytic site for its transglutaminase activity. The B chains are 
synthesized in the liver and circulate as free dimers or in 
complex with the A chains. It is postulated that the B chain 
contributes to the stabilization of the A chain; however, the 
function of the B chain remains unknown. Thrombin causes 
a proteolytic cleavage within the A chain, activating the 
enzyme; this causes the A and B subunits to become disso- 
ciated, exposing the active site on the free A subunits. 


Congenital F XIII deficiency is inherited as an autosomal 


recessive trait and is caused by defects in both F XIIIA and 
F XIIIB genes; however, the majority of the cases are 
attributed to genetic variants on the F XIIIA gene, located on 
chromosome 6,'**'?5 


The prevalence is estimated at | in 2 to3 million population. 


There is a high frequency of consanguinity in families with 
this disorder.'?”"** Clinically, the homozygous state presents 
with moderate to severe hemorrhagic diatheses, characterized 
by initial hemostasis followed by the recurrence of bleeding 
12 to 36 hours or more after the initial traumatic event (delayed 
bleeding). This results from the dissolution of the soluble, 
unstabilized fibrin clot, Soluble fibrin is highly susceptible to 
degradation by plasmin. This disorder is most often diagnosed 
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at birth; the most common clinical symptom is bleeding from 
the umbilical cord stump. Additional symptoms include poor 
wound healing with abnormal scar formation, recurrent spon- 
taneous miscarriages, bleeding into soft and subcutaneous 
tissues, and spontaneous CNS bleeding that may ultimately 
be fatal. 

An acquired partial deficiency has been reported with sev- 

eral diseases, including the leukemias, DIC, and severe liver 
disease. The development of IgG autoantibodies to F XIII has 
been reported, resulting in severe bleeding diatheses. 
; Treatments consist of transfusion with FFP or cryoprecip- 
itate that could cause circulatory overload and viral transmis- 
sion, as well as virus-inactivated plasma F XIII concentrates. 
There is now a recombinant F XIII concentrate available for 
the treatment of F XIIIA subunit deficiency.’ 

All routine laboratory screening tests of hemostasis will 
indicate normal results (i.e., PT, aPTT, fibrinogen, PFA- 
100*, and platelet count). Historically, the screening test for 
F XIII deficiency has been the 5 molar urea test, but this has 
been replaced by chromogenic methods. Antigenic methods 
include ELISA and automated latex immunoturbidimetry. The 
normal reference range is approximately 60% to 150%. 


Prekallikrein (Fletcher Factor) 

Prekallikrein (PK) (approx. mw 100 kD), is a single-chain 
protein synthesized by the liver.'? Conversion to its active 
form, kallikrein, is catalyzed by F XIla and HMWK. Approx- 
imately 75% circulates bound to HMWK, and 25% circulates 
as free PK.’ Kallikrein, a serine protease, is important in the 
activation of three other biological systems: the fibrinolytic, 
complement, and kinin systems. Kallikrein cleaves HMWK 
into bradykinin, an important mediator in the inflammatory 
response; it leads to the conversion of plasminogen to plas- 
min, a potent enzyme that degrades fibrin, fibrinogen, and 
factors V and VIIIC. Through plasmin, it also activates the 
complement components C3 and C5. Neutrophils and mono- 
cytes are also attracted to the site of injury by the presence of 
kallikrein (chemoattraction). 

Deficiency of PK, known as Fletcher trait (after the family 
discovered with this disorder), is not associated with clinical 
bleeding, even during surgery or after severe trauma. It has 
been reported to be inherited in both an autosomal dominant 
and recessive trait.'*' The gene resides on chromosome 4. 
There appears to be no ethnic or racial predilection for this 
disorder; however, functional and antigenic PK, both absent 
in Fletcher trait plasma, have been most often reported in 
black Americans.’ Patients with this deficiency have expe- 
rienced thrombotic events (i.e., myocardial infarction, throm- 
boembolism, and multiple cerebral thromboses), and vascular 
permeability is also defective.'*"* 

A marked prolongation of the aPTT is characteristic of this 
disorder. Mixing studies fully correct the aPTT. In addition, 
this deficiency can be presumptively identified by extending 
the contact activation (incubation) time of the patient’s plasma 
with kaolin-like aPTT reagents, beyond the usual 3 to 5 minutes 
(e.g., 10 minutes and 15 minutes), known as interval incuba- 
tion, which produces a progressively shorter aPTT. This phe- 
nomenon will not occur with other types of factor deficiencies. 


ae 


Therapy is not indicated for this disorder bees 
no hemorrhagic risk. Thromboembolic episodes 
management with anticoagulant therapy. 


USE there i 
Bend. Tequirg 
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High Molecular Weight Kininogen | 
(Fitzgerald Factor; Flaujeac Factor; 
Williams-Fitzgerald-Flaujeac Factor) 

High molecular weight kininogen (HMWK) (my 2 
a single-chain glycoprotein produced by the liver 
the “contact activation cofactor” due to its requir 
surface-dependent activation of F XII and Subsequent acy 
vation of PK by F XiIla.' Studies indicate that laa’ 
HMWK exists as a procofactor, activated through cleaves 
by kallikrein." *8 

The kinin system is important in chemotaxis, Vascular 
meability, and inflammation. Kallikrein cleaves HMWk , 
a two-chain molecule held by a disulfide bond. This Teactio 
releases bradykinin, a small peptide with actions related 4 
pain, inflammation, increased vascular Permeability, an, 
vasodilation. The binding of HMWK to endothelial Cells j 
necessary for the binding of F XI (with which it is in complex 
and its activation to F XIa, as well as for the activation ofF , 
to F [Xa by F XIa.'” 

Deficiency of HMWK has been described as an autosoma 
recessive disorder; and like PK, it shows no predilection 
race. HMWK deficiency is rare and not associated with an’ 
hemorrhagic diathesis. It presents with a markedly Prolonge 
aPTT that corrects on mixing study. Mild to moderate acquire: 
deficiencies can occur with liver disease or DIC. While there j 
no associated clinical bleeding disorder, patients with HMW 
deficiency have been observed with deep vein thrombosis an 
pulmonary embolism.'* 

Replacement therapy is not indicated with F XII, PK, 9 
HMWK deficiencies. Patients requiring major surgery hay 
not had any incidence of bleeding. This is presumably becau 
the extrinsic pathway of coagulation, through F VII and tissu 
factor, remains intact, and F X1 can be activated by thrombi 
generated from the extrinsic pathway.'*”'*° Therefore, F X 
can be activated without the need for HMWK, PK, or F XII. 


00 kD) j 
known 
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Circulating Anticoagulants/Aco.ired 
Inhibitors 

Circulating anticoagulants, or acquired inhibitors of coagula 
tion, can develop in patients with certain underlying disorde 


or spontaneously without any apparent cause. They can hay 
a significant effect on hemostasis and/or interfere with vari 


ous in vitro coagulation tests. Composed of ‘mmunoglobulins 
(IgG, IgM, or IgA), they possess either auto- or alloantibod 
characteristics, 

There are two types of acquired inhibitors that are 0 
major clinical importance: (1) specific inhibitors with a spec 


ificity directed toward a single clotting factor and (2) non 
specific inhibitors, also known as the Jupus anticoagulanl 
(LA), which interfere with the phospholipid components 0 
the screening reagents, causing a prolongation of the clot 
ting time, therefore suggesting a “state of anticoagulation 
or hemorrhagic tendency. When inhibitors are detected, 1! 
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paracterize their specificity; one type can have 
poe toe satening hemorrhagic consequences, whereas 
rious cause thrombotic complications that range from 
pe othe may and life-threatening, or they may be transient 
itd matic. 
maasymtor 

ibitors ; Cee 
specific Me sibhor® are characterized as antibodies. They 
The specific inhibit (neutralize) the factor’s activity or cause 
eithet jearance by forming immune complexes, They may 
igcreased to transfusion, replacement therapy, or both. 
gccur $209 iso arise in patients with autoimmune disorders or 
They Os, in someone without any underlying disease, 
pon potentially arise against any clotting factor. 
wide C inhibitors, the most frequently encountered, 

F instances of F IX inhibitors, can develop in 
ins! P 
gs well with moderate to severe hemophilia due to transfu- 
ae to the respective deficient factor. These 
sion be classified as alloantibodies, antibodies produced 
would * antigens. Their presence, however, does not 
agaist the frequency of bleeding episodes.'* Hemarthroses, 

scle and soft tissue hemorrhage, continue to be the clinical 

ymptoms. These F VIIIC inhibitors are predominately IgG 
antibodies with specificity to the factor’s antigenic component 
ofthe F VIll/vWE complex but do not interfere with the func- 
on of VWF; there is no prolongation of the PFA-100*. An 
snibtor should be suspected in any hemophiliac if transfused 
factor replacement products appear to have reduced effective- 
ness and/or hemostasis is difficult to achieve. 

More frequently, however, inhibitors to F VIIIC may occur 
as. an autoantibody, an antibody produced against “self” anti- 
gens, which are most often seen in patients with rheumatoid 
arthritis, systemic lupus e ematosus (SLE) and other auto- 

a i d 1 h liferati 
immune diseases, drug reactions, and lymphoproliferative 
diseases or multiple myeloma. They also occasionally occur 
in women during pregnancy or postpartum and in older adults 
(>60 years of age) with no apparent underlying disease. This 
disorder is known as acquired hemophilia. Its etiology is 
unknown and is apparently unrelated to any previous expo- 
sure to blood or blood products.'*! The clinical symptoms of 

Pp 

this disorder may be severe and |ife-threatening including 
large hematomas, massive ecchymoses, gross hematuria, 
Tetropharyngeal or retroperitoneal hematomas, or cerebral 
hemorrhage.'*! Hemarthroses are Jess common. The bleeding 
cannot be controlled with factor replacement and could fur- 
ther exacerbate the condition. Acquired hemophilia should be 
Suspected in anyone without any prior history who presents 
with massive bruising or hematoma.'*? While the incidence is 
mare, with approximately 0-2 cases per million per year, the 

Mortality rate can be as high as 10% to 20%. 
Ee clasic laboratory findings of a specific inhibitor within 
\ intrinsic pathway, for example, are a normal PT and pro- 
; with noncorrection of a mixing study. However, 
Patients with mild to moderate inhibitors may still show 
known These antibodies also demonstrate a characteristic 
37° 48 “time-and-temperature dependency”; after a 2-hour 
on, the patient/pooled normal plasma mixture 


incubati 
4 further Prolongation (or worsening of noncorrection) 


Of the aPTT. This serves to demonstrate the effect of the inhib- 
itor on the factor provided from the pooled normal plasma 
during the 2-hour period. This step is extremely important = 
Properly characterize the disorder. An “incubation control, 
Consisting of a new mixture prepared from separate, individu- 
ally incubated patient and pooled normal plasma samples, will 
not demonstrate the same prolongation. The inhibitor titer can 
be quantitated in a method known as the Bethesda Inhibitor 
Assay (see Chapter 31). 


ret EL I 


CRITICAL THINKING QUESTION 


27-3 Why is it likely that hemophilia A or hemophilia B 


Patients will develop inhibitors? 


nr 
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Treatment of patients with specific inhibitors is first focused 
on the stabilization of hemostasis; the overall goal is to 
eradicate the antibody. The choice of therapeutic modality 
is dependent on the titer (low versus high) and the patient's 
response on exposure to additional F VIIIC.'* Patients with 
a low titer inhibitor of less than 5 Bethesda Unit (BU) with 
no increase in titer after exposure to additional F VIIIC 
(ie., “low responders”) can usually be treated with high 
concentrations of F VIIIC, in an effort to overwhelm the 
antibody by saturating all its binding sites. Other options 
include corticosteroids, porcine F VIIIC, recombinant F 
VIII concentrates, F IX concentrates, IVIG, and rFVIla.'* 
Patients with high titer inhibitors (greater than 5 BU) with 
a marked increase in titer after exposure to F VIIIC (i.e., 
“high responders”) present a treatment dilemma; options 
can include porcine F VIIIC concentrates; corticosteroids, 
alone or in combination with immunosuppressive therapy 
or cytotoxic agents; PCCs; high-dose IVIG; or extracor- 
poreal immunoadsorption or plasmapheresis for patients 
with very high inhibitor titers.’ Recombinant F Vila is 
the newest therapeutic option available, used primarily to 
bring hemostasis under control while other modalities focus 
on suppressing the immune response, Inhibitors can per- 
sist for weeks or months; some titers may decline to near 
zero, only to recur as an anamnestic (memory) response in 
some patients. Spontaneous remissions have been reported 
in approximately 38% of cases, most often occurring in 
women postpartum or in drug-induced reactions, ‘4! 

Spontaneously acquired inhibitors to factors Il, VU, 
and X are very rare. F II inhibitors are described in associ- 
ation with the LA (see Nonspecific Inhibitors). There have 
been several reports of F XI and F XII inhibitors: several 
cases were reported as F XI deficiency with acquired 
inhibitors post-transfusion and other cases occurring in 
patients with SLE.'*!* 
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Antibodies to vWF can occur in patients congenitally 
deficient of vWF (severe vWD-type 3) as alloantibodies, as 
autoantibodies in normal patients, or in those with underly- 
ing disorders causing AYWD syndrome (see acquired von 
Willebrand disease syndrome, earlier in this chapter). 


Nonspecific Inhibitors: The Lupus Anticoagulant 
and Antiphospholipid Antibodies 

Nonspecific inhibitors are not directed toward specific factors 
and are not usually associated with a hemorthagic risk.'*!*” 
They are frequently discovered as an unexpectedly prolonged 
aPTT on a routine preoperative evaluation. This result would 
give the impression that the patient may have a factor defi- 
ciency. However, mixing studies do not produce a correction 
of the aPTT. This phenomenon was first recognized in patients 
with SLE" and consequently became known as the lupus 
anticoagulant (LA). However, this designation is a misnomer 
because this inhibitor often occurs in patients without SLE 
who are otherwise healthy and without any underlying medi- 
cal conditions. Therefore, it would be more appropriate that it 
be termed a /upus-like anticoagulant. 

The LA is an immunoglobulin, usually IgG and/or IgM, 
that interferes with one or more phospholipid-dependent 
coagulation tests (e.g., aPTT). This laboratory phenomenon 
is a direct reaction against the negatively charged (anionic) 
phospholipids present in the reagents. The LA does not inacti- 
vate the clotting factors in vitro; it inhibits the formation of the 
tenase and/or prothrombinase complexes, thereby prolonging 
the clotting time.'*"* This in vitro effect of “anticoagula- 
tion” is paradoxically associated with an in vivo hypercoagu- 
lable (thrombotic) state. 

It had previously been discovered that there was a high inci- 
dence of biological false-positive results on serological tests 
for syphilis (VDRL) in SLE patients. This method utilized a 
phospholipid known as cardiolipin (diphosphatidylglycerol) 
extracted from bovine heart tissue; it is an anionic phospho- 
lipid found in the inner mitochondrial membranes of cardiac 
and skeletal muscle cells and some bacteria. These results were 
found to be significantly associated with the LA and the risk 
of thrombosis. It was determined that the sera of these patients 
contained IgG, IgM, and/or IgA anticardiolipin (aCL) anti- 
bodies. aCL antibodies and LA both complex with negatively 
charged phospholipids bound to protein. These antiphospho- 
lipid antibodies (aPL) each comprise two related but clini- 
cally distinct syndromes: the anticardiolipin antibody (aCL) 
syndrome and the LA syndrome. Both are frequently associ- 
ated with thrombosis, fetal loss, or thrombocytopenia, with 
or without autoimmune disorders.'” Belonging to a family 
of disorders known as the Antiphospholipid Antibody Syn- 
dromes (APS), they are one of the most common causes of 
acquired coagulation defects associated with venous and/or 
arterial thrombosis.'* The APS can occur spontaneously with- 
out any underlying autoimmune disorder, known as primary 
APS. A serious and often fatal manifestation of APS, known 
as Catastrophic Antiphospholipid Syndrome (CAPS), is 


characterized by the development of multiorgan thro 
(infarctions) over a very short period of time (days to y 
The mortality rate is approximately 50%, Second 
occurs in association with SLE and other autoimmy 
eases, such as acquired immune deficiency syn tome n 
infections of bacterial, viral, or protozoal Origin; drug. 
as procainamide or chlorpromazine; inflammation; mali 
cies; and lymphoproliferative disorders. '*? ! 


ADVANCED CONTENT 


The LA syndrome is more frequently associated with ve 
than with arterial thrombosis. The presence of the LAis 
specific for APS than the aCL antibody; however , 
titer of aCL antibody increases, its specificity for AP 
increases, especially if it is of the IgG isotype.'5! Ang 
imately 90% of patients with LA have also been foun 
have at least one isotype of aCL antibody present;!s2153} 
ever, there are clinical situations in which aCL anti 
is present without LA.'*' There is also a high incideng 
thrombotic disease in patients with elevated aCL antibog 
as the titer of antibody increases so does the incideng 
thrombosis, fetal loss, and thrombocytopenia.'™ Gene 
the presence of aCL antibodies is considered to be a 
sensitive indicator than LA in the detection of APS;}51j 
thromboses associated with aCL syndrome are far m 
common than with LA syndrome alone.'*® Venous thro 
Sis presents as deep vein thrombosis (DVT) with or with 
pulmonary embolism (PE); there may also be thrombose 
unusual sites. Arterial thromboses present as strokes (C 
transient ischemic attacks, or myocardial infarctions!” 


aPL antibodies are actually directed against negatiy 
charged phospholipid-protein complexes; they require 
presence of specific proteins to facilitate phospholipid bin 
ing, such as prothrombin, or a natural anticoagulant prote 
beta-2-glycoprotein-1(B,GP-1), also known as apolipop 
tein H. There have been some cases of patients with LA th 
have had clinically significant bleeding, which in nearly 
cases could be attributed to an abnormality other than @ 
LA.'* In some cases, the PT is prolonged and may or 
not correct with mixing studies. This could be attributed to 
acquired hypoprothrombinemia, caused by en antiprothron 
bin antibody that binds prothrombin but does not neutralii 
its coagulant activity in vitro; the prothrombin activity af 
antigen are decreased to the same extent due to immune cor 
plex formation and rapid clearance.'*'** This has been nai 
hypoprothrombinemia-LA syndrome. \f the antibody was 
a neutralizing type, the prothrombin antigenic concentratié 
would have been normal. Serum antiprothrombin antibodi 
can be detected by ELISA assays. Other causes of bleedi 
can be attributed to thrombocytopenia, alone or in combin 
tion with a moderate prothrombin deficiency.'°!” 

Antibodies to B,GP-1 are frequently detected in patien 
with clinical symptoms of APS. Approximately 20% 
patients testing negative for aCL antibodies will test posit 
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* The presence of anti-B,GP-] tends to 
gat BoO s of APS in patients with symptoms even 


for 48 aia testing may be negative.'? 
oP aC’ 


p-1. 


deficiency. For this reason, factor assays must be performed 
with at least two to three serial dilutions to detect a possible 
“inhibitor effect.” The presence of multiple factor assays with 
an inhibitor effect, noncorrection on mixing studies, and an 


BIO ct LA, however, is dependent on the sen- absence of clinical bleeding evidence are classically sugges- 
ve ability to creening reagents and the preparation of the tive ofa nonspecific inhibitor. j 
ap of the analysis Platelets, rich in phospholipids, must Because the LA is a heterogeneous group of antibodies, 
se before the test plasma by centrifugation or filtration using only one type of assay is insufficient to diagnose the con- 


is depleted 10,000 platelets/1L to avoid neutralization of the 


dition (i.e., no single LA test can detect all positive LA patients 
or has 100% specificity). The International Society on Throm- 


to less pecially if the sample is to be frozen for testing at : a 

iibitoss the freeze/thaw cycle lyses the platelets, releas- bosis and Hemostasis (ISTH) recommends samples suspect 

s later olipids. Hemolysis also poses an interference due of having LA be tested using two or more LA screening tests 

ing .. those specimens must be recollected. A patient based on different test principles.’ Screening and confirmation 

Ly "aa ining LA usually demonstrates a prolonged of the LA should include the use of test systems with different 
Rete ) aPTT without correction on mixing study types, concentrations, and/or configurations of phospholipids to 
ee ally normal, due to the fact that PT reagents demonstrate the specificity of the inhibitor (Table 27-9). Phos- 


a higher phospholipid content, masking the effect. 


pave amt it has been observed that up to 30% of LA can 
hi correct and subsequently exhibit a noncorrection 
Be sem rature-dependent effect) on the incubated 
(ie study.! In addition, aPTT reagents are manufac- 

eth variable sensitivities to the LA; some institutions 
4o not desire a sensitivity to LA, as determined by the med- 
ical director, since these usually do not represent a surgical 


pholipids can be derived from plant or animal sources, or they 
can be synthetic. These tests should include 


dilute Russell’s viper venom time (ARVVT); and 

Platelet phospholipid neutralization procedure (PNP) - 
high-phospholipid aPTT; and/or 

High-sensitivity aPTT-SCT (Silica Clotting Time); and/or 
Hexagonal Phase Phospholipid Neutralization Test 


These are the most sensitive assays currently in use. Other 


bleeding risk and cause unnecessary delays. The LA may also 
affect aPTT-based factor assays; a prolongation of the clotting 
time in factor assays translates to a decreased factor activity. 
The patient could possibly be misdiagnosed with a factor 


assays with less specificity have included the kaolin clotting 
time (KCT) and the dilute prothrombin time (dPT) (also 
known as the tissue thromboplastin inhibition test [TT1]) (see 


TABLE 27-9 Screening Tests for Lupus Anticoagulants: Decreased Phospholipid 


Oral 
Anticoagulant 


Cephalin Part 1 of Most Antiheparin False False False Correction 
(phosphatidyl- 2 reagent sensitive agent positive; positive positive with pooled 
Viper ethanolamine) system; compared included mixing study withfactor withfactor normal 
VenomTime Low Common with aPTT in reagent; required; I, V, or X I, VorX plasma 
“Screening” concentration = pathway-based neutralizes  Confirmatory deficiency _ inhibitor indicates LA 
(dRVVT) reaction therapeutic step may be not present 
dosages necessary by this 
method. 
Kaolin No added Patients Presence False False positive False False Use of 
Clotting phospholipid; —_plasina of platelets _ positive positive positive platelet- 
Time(KCT) — KCT very phospholipid will poor plasma 
sensitive used in significantly will increase 
to residual reaction; shorten KCT sensitivity 
platelets aPTT-based in presence 
reaction of LA 
Diluted Diluted Protocol similar Sensitive False False positive False False May be 
Prothrombin thrombo- to dRVVT; but not positive positive positive negative 
pein plastin 2stepreagent specific; with factor withfactor with drug 
reagent (PT) system false ll, V, Vil, X Hi, V, Vu, X induced 
agg with 2 conc. of positive in deficiency _ inhibitor IgM LAC 
Inhibition Phospholipid 30% normal 
Time patients 


Source From 
Triplett DA, Brandt JT. Confirmatory test for lupus anticoagulants. Hematol Pathol, 1988;2:121, with permission. 
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Tables 27-9 and 27-10). These tests may still be used in sit- 
uations where the clinical suspicion is high despite negative 
results with the previously described tests; however, they are 
not recommended by the ISTH, as performing more than two 
screening tests can lead to a false-positive diagnosis of LA. 


Dilute Russell's Viper Venom Time (dRVVT) The dRVVT 
is an integrated test. Russell’s viper venom, an extract from 
the venom of the Russell’s viper (Daboia russellii, formerly 
Vipera russellii), directly activates F X, proceeding to fibrin 
formation via the common pathway. In the first step, the 
screening reagent contains diluted venom, calcium chloride, 
and a low concentration of phospholipid as the cofactor for 
prothrombinase production. This increases the sensitivity to 
inhibitors of the prothrombinase complex and results in a 
prolonged clotting time if present. A mixing study performed 
with this reagent will correct if there is a factor deficiency of 
the common pathway or if the patient is on warfarin therapy. 
In the second step, the confirmation reagent contains the same 
diluted venom and calcium chloride but with a much higher 
concentration of the same phospholipid. This will neutralize 
(bypass) the inhibitor by providing additional phospholipid 
for prothrombinase assembly, resulting in a shorter clotting 
time. A ratio is calculated for both the screening and confir- 
mation tests by comparison to the mean normal clotting times 
validated for each reagent. Then, a final “normalized ratio” is 
determined (i.e., the screening ratio divided by the confirma- 
tion ratio). This is used to determine the presence/absence of 
LA. In general, a normalized ratio greater than 1.2 suggests 


TABLE 27-10 Confirmatory Tests for Lupus Anticoagulants: Increased Phospholipid* 


LA is present, and less than or equal to 1.20, | A 
Table 27-9). 

The commercially available dRVVT Teagents og 
antiheparin agent to prevent interferences by this ri an 
anticoagulant up to therapeutic levels, In addition, this ee 
be performed on patients with a normal aPTT it tg Can 
in its sensitivity to LA); the dRVVT is a more Seside Va 
than the aPTT. It has also been shown by a number pris leg, 
tigators to be sensitive to B,GP-I-dependent antibodie INVeg. 
correlate very strongly with thrombosis.'® Sand to 


is absent (Seq 


Platelet Phospholipid Neutralization Procedure 
PNP-high-phospholipid aPTT method is a modif; 
a two-step process. The phospholipid is an ex 
from human platelets. The first step is an aPTT 
a mixture of equal volumes of test plasma and 
ing a prolonged aPTT. The second step is an aPTT performeg 
on a mixture of equal volumes of test plasma and ake 
extract. This increases the phospholipid content, significant 
shortening the aPTT if LA is present. The difference between 
the two clotting times is used as the cut-off, determined jn 
studies by the performing laboratory. In addition, the Patient's 
aPTT must be abnormal before this test can be performeg 
to demonstrate the effect of the added phospholipid. False. 
positive tests may occur in heparinized patients due to platelet 
factor-4, a potent natural anti-heparin substance contained in 
the platelet granules. Patients with factor deficiencies of the 
intrinsic and common pathways would show equal Prolonga- 
tions in both steps. 


(PNP) The 
ed aPTT in 
tract derive 
Performed on 
saline, Produc. 


Nature of Other Oral Factor Specific 
Test Phospholipid Features — Sensitivity Heparin Anticoagulant Deficiency —Inhibitors ~~ Comments 
Dilute Cephalin Part2of Most Antiheparin False _— — Ratio 
Russell’sViper  (phosphatidyl- 2reagent sensitive agent positive; determination: 
Venom Time ethanolamine) system; compared included mixing study eliminates 
Confirmation High common with aPTT in reagent; required interference 
(dRVVT) concentration _ pathway- neutralizes of factor 
based therapeutic deficiency 
reaction dosages 
Platelet Human Usewith — Sensitive in False —_ False Weak _ 
Phospholipid _ platelet sensitive most cases positive positive factor V 
Neutralization extract aPTT with aPTT with inhibitor 
Procedure reagent —_ in abnormal factor V may be 
system range deficiency —_ false 
positive 
Phosphatidyl-  LAC- Hexagonal Antiheparin Pooled Pooled Possible _ 
ethanolamine sensitive configuration agent normal normal false 
aPTT improves included plasma plasma positive 
reagent sensitivity in reagent; provided in provided with 
provided neutralizes —_ reagent kit; inreagent —_ factor Vill 
therapeutic _ eliminates kit inhibitors 
dosages effect of 
factor 
deficiency 


DA, Brandt JT. Confirmatory test for lupus anticoagulants, Hematol Pathol. 1988;2:121, with permission. 
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aPTT The high-sensitivity aPTT-silica clotting 


ages an integrated test with two components similar to 
sc) js ann first step, the screening reagent is a high 
aoe yt. In the firs taining a colloidal sili Was 

oR reagent containing a col Silica activator 
we or centration of phospholipid as the cofactor for 
and prothrombinase assembly. This increases 
igri iC tery to inhibitors of these enzymatic complexes 
he sens! nsic and common pathways and results in a pro- 

in the in time if present. A mixing study performed with 
jnged correct if there is/are factor deficiencies of 
this ae or if the patient is on warfarin therapy. In the 
these the confirmation reagent contains the same col- 
second St 2 ctivator but with a much higher concentration of 
joidal si ospholipid. This will neutralize (bypass) the inhib- 
Cee in a shorter clotting time. A ratio is calculated 
itor. the screening and confirmation tests by comparison 
for ean normal clotting times validated for each reagent, 
go the es normalized ratio. In general, if this ratio is greater 


eG it is considered positive for the presence of LA. 
than . 
| Phase Phospholipid Neutralization Test Meth- 


using altered phospholipid configurations (i.e., 

odoloe al phospholipids) have also been used as confirma- 

techniques. Changing the epitope (antigenic determinant) 

«ch the antibody may be directed increases the odds of 

Pia (see Table 27-10). Altered configurations display dif- 

ferent antigenic determinants than lamellar, or bilayer, molecular 

This method is similar to the PNP principle of a two- 

step aPTT; however, it utilizes an LA-sensitive aPTT reagent, 

idylethanolamine (PE) as the hexagonal phospholipid, 

and pooled normal plasma as part of the assay system, simultane- 

ously eliminating the effects of a factor deficiency. A difference 

of about 8 seconds or more between the test without PE minus 

the test containing PE is suggestive of LA presence. This assay 
also contains an antiheparin agent up to therapeutic levels. 

The continuing association between aPL antibodies and 

thrombotic episodes has supported advances in the diagnosis 


SUMMARY CHART ey 


'* Screening tests for coagulation abnormalities include: 
_* Complete blood count (CHC), platelet count, differ- 
ential smear 

Prothrombin time (PT) 

_ * Activated partial thromboplastin time (aPTT) 

_* Fibrinogen 


« When 


hen the platelet count and morphology are normal, 
> el of the PT and aPT'T should be evaluated as 
. 
ae abnormal PT with a normal aPTT, a mixing 
’ Y of the PT should be performed using pooled 


Of this syndrome. The most recent guidelines for LA testing 
were developed by the International Society on Thrombosis 
and Hemostasis (ISTH), Scientific and Standardization Com- 
mittee (SSC), Subcommittee for the Standardization of Lupus 
Anticoagulant/Antiphospholipid Antibodies. The criteria for 
the laboratory diagnosis of LA are as follows: 


1. The prolongation of at least one phospholipid-dependent 
clotting test (e.g., aPTT, dRVVT); 

2. Evidence of inhibitor activity shown by the effect of 
patient plasma on pooled normal plasma (noncorrection 
on mixing study); 

3. Evidence that the inhibitor activity is dependent on 
phospholipid (dRVVT, PNP, SCT, Staclot-LA®, etc.); 

4. It must be distinguished carefully from other coagulopa- 
thies that may give similar results or occur concurrently 
with LA (exclusion of specific factor inhibitor).'* 


Treatment of thrombosis in patients with APS involves 
long-term anticoagulation (greater than 6 months to lifelong). 
If the presence of antibodies resolves, treatment should con- 
tinue for at least 6 months to ensure no recurrence of the anti- 
bodies. Heparin therapy is instituted in a hospital setting as 
treatment after a thrombotic event, to prevent extension of the 
existing thrombus or additional thrombosis, until transition to 
warfarin therapy is in the therapeutic range (INR 2.0 to 3.0; see 
Chapter 29). Other options can include low molecular weight 
heparin (injectable, expensive; useful during pregnancy) or 
low-dose (baby) aspirin therapy in asymptomatic patients as 
prophylaxis against thrombosis. Newer oral direct thrombin 
inhibitors (e.g., dabigatran) or oral antifactor Xa inhibitors 
(e.g., rivaroxaban, apixaban, edoxaban) are available that do 
not require routine monitoring as with warfarin. 
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normal plasma; if the PT is corrected, a factor VII 
deficiency should be considered, and subsequent 
factor assay is indicated. 

e Foran abnormal PT that does not correct with a 
mixing study, inhibitors to factors I, V, VII, or X 
should be considered. 

e Fora normal PT with an abnormal aPTT, a mix- 
ing study of the aPTT should be performed using 
pooled normal plasma. If the aPTT is correct- 
ed, a deficiency of factor(s) VILIC, IX, XI, XH, 
prekallikrein (PK) and/or high molecular weight 
kininogen (HMWK) should be considered, 
with subsequent testing by specific factor assay 
performed. 


Continued 
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For abnormal aPTTs that do not correct with a 
mixing study, inhibitors to factor(s) VIIIC, IX, XI, 
or XII should be considered as well as the presence 
of the lupus anticoagulant or the anticoagulant 
heparin. 

The presence of heparin can be ruled out if the 
thrombin time is normal. 


The thrombin time assesses thrombin-fibrinogen 
interactions and fibrin polymerization. It will be 
abnormal in the presence of heparin, afibrinogene- 
mia, hypofibrinogenemia, dysfibrinogenemia, and 
fibrinogen/fibrin degradation products (FDPs). 


A reptilase time will be normal in the presence of 
heparin. 

For specimens that have both an abnormal PT 
and aPTT that corrects with mixing studies, 
deficiencies of factors I, II, V, and X should first 
be considered. 


If an abnormal PT and aPTT does not correct with 
mixing studies, an inhibitor to factors II, V, or X 
should be considered. 


Laboratory findings in patients with hemophilia A 
include a prolonged aPTT, normal PT, and normal 
bleeding time; mixing studies will correct the aPTT. 


e Laboratory studies for von Willeb 


e The most common inhibitor to q spe 


e The vitamin K—dependent factors are F 1 


e The lupus anticoagulants may be IgG, | 


F “ Tran, 
should include a bleeding time Platelen 
; Count 


aPTT, mixing study, F VIIC activity 
Willebrand factor antigen (VWF:Ag), ve 
Willebrand factor activity, RIPA LD. ony 
multimer analysis. pm oaaill 3 and 


factor is factor VIIIC (F VIIIC): the rh Clotting 


predominantly IgG, and time and terecah . 
dependent. ae 


e A deficiency in F VIII results jn hemophilia 4 
e A deficiency in F IX results in hemophilia B | 
e A deficiency in F XI results in hemophilia ¢ 


F IX, and F X. FIL 


. gM, 
in nature and can be detected by: dilute saael 


viper venom time (dRVVT), platelet Phospholipid 
neutralization procedure ( PNP)-high-phospholipig 
aPTT, and/or high-sensitivity aPTT-SCT (silica 
clotting time), and/or hexagonal phase Phospholipid 
neutralization test. 


CASE STUDY 27-1 


A 12-year-old boy underwent tooth extraction in prepa- 


ration 


for orthodontia. Persistent bleeding followed. The 


history was remarkable for bruising and frequent epi- 


staxis. 


The patient’s mother also experienced easy bruising 


and menorrhagia. Physical examination revealed several 
medium-sized ecchymotic lesions on the lower extremities. 


Laboratory findings were as follows: 


Test Result Ref. Values 

PT 12.0 sec 10.0-14.0 sec 
APIT 40 sec 23-36 sec 
PFA-100° Prolonged Normal Closure Time (ADP/Collagen) 
Platelet count 300 X 10°%/L 150-450 X 10°/L 
FVIIIC 30% 50%-150% 
vWF:Ag 45% 50%-150% 
vWFR:Co 41% 50%-150% 
RIPA* Depressed response Normal response 
Multimers Normal Normal 
*Ristocetin-induced platelet aggregation. 


ry of bruising, epistaxis, and dental bleeding 
aPTT, PFA-100*, and reduced F VIIIC, 


vWF:Ag, vWER:Co, and RIPA are indicative of classic von 


Willebrand disease (type 1). 
QUESTIONS 


ib 


2. 


ah 


Which blood product could correct the RIPA value in 
this case? 

Which laboratory values reflect a type | von Wille- 
brand disease? 

What form of therapy would be indicated here? 


ANSWERS 


if 


Concentrates of F VIIIC, cryoprecipitate, and von 
Willebrand factor can correct the RIPA response in ths 
case. 

Reduced levels of F VIIIC (30%), vWEAg (45%) 304 
VWER:Co (41%) along with the prolonged bleeding 
time and depressed RIPA are classically seen with 
type 1 von Willebrand’s disease. 


. DDAVP would be advantageous as a prophylactt 


treatment before any future dental extractions oa 
surgical procedure. This avoids exposure t0 AIC = 
products by causing a transient increase 0 F 

vWF. 


= 


4 resented in the emergency department 
ol ahrosis of the right knee after falling off a 
Bee tng. Physical examination revealed a well- 
a ae d with no fractures or other ecchymoses, He 


hi findings were as follows: 
ours ile. Laboratory 
— yas ale 


Result Ref. Values 
Test | r 
s t count Norma lormal 
cgcand patel? 13.0 sec 10.0-14,0 sec 
fl 87 sec 23~36 sec 
ant ; 325mg/dk 200-400 mg/dL 
at Normal Normal 
PFA 
Further studies included: 
ixing study 32sec 23-36 sec 
Fac q 10% 50%~150% 
BD aehg 90% 50%-150% 
: 


d This patient was known to have hemophilia A, 
ye 


0-year-old woman was scheduled for an elective sur- 


Ba Result Ref. Values 
(BC and platelet count Normal Normal 
PT 18.0 sec 10,0-14.0 sec 
30 sec 23-36 sec 


Fin study 13.0 sec 10,0-14.0 sec 
30% 50%-150% 

Patient has F VII deficiency. F VII is not measured 
and is normal, whereas the PT is sensitive to 
Iles of the extrinsic system (factors I, II, V, VII, 
®/ 4nd is prolonged in these cases. 


CHAPTER 27 


631 


Disorders of Secondary Hemostasis: Plasma Clotting Factors 


QUESTIONS 

|. What material did the laboratory professional use when 
performing this mixing study? 

2. What treatment is indicated for this patient? 

ANSWERS 

1, The mixing study is performed with pooled normal 
plasma. 


2, This patient requires infusion of factor VIII 
concentrate, 


QUESTIONS 

1, What material is used to perform the mixing study? 

2. What treatment is indicated here? 

3, Why was the PT prolonged and the aPTT normal in this 
case? 


ANSWERS 

1, The mixing study is performed with pooled normal 
plasma. 

2. This patient would require fresh frozen plasma or 
prothrombin-complex concentrate. However, if the 
deficiency can be attributed to poor diet, liver disease, 
or warfarin therapy, vitamin K supplementation may be 
preferable to using blood products. 

3. The PT was prolonged because the extrinsic pathway 
could not proceed normally, caused by the deficiency 
of F VII, The aPTT was normal because F VII does not 
participate in the intrinsic pathway and therefore the 
test is not sensitive to this defect. 


—«+ 
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CASE STUDY 27-4 


A 29-year-old woman was seen by her obstetrician for pre- 
natal care. She had three previous pregnancies, two result- 
ing in spontaneous first-trimester miscarriages and the third 
in fetal demise at 28 weeks’ gestation. Laboratory values 
were as follows: 


Test by if Result Ref. Values” = 
CBC and platelet count Normal Normal 

PT 11.5 sec 10.0-14.0 sec 
aPTT 45 sec 23-36 sec 
Fibrinogen 375 mg/dL 200-400 mg/dL 
Further studies included: 

aPTT mixing study 43.0 sec 23-36 sec 
DRVVT ratio 1.60 <1.20 

PNP difference 15 sec <5 sec 
Anticardiolipin Ab positive Negative 


This patient has a lupus anticoagulant with positive anti- 
cardiolipin antibodies. These are known to cause recurrent 
spontaneous abortion, as well as thrombotic events such as 
stroke, deep vein thromboses, and pulmonary embolism. 


CASE STUDY 27-5 


A 60-year-old woman was admitted to the emergency 
department with hemorrhage into the right arm and right 
breast. No previous history of bleeding or medication was 
indicated. Laboratory data upon admission were as follows: 


Test Result Ref. Values 
PT 12.0 sec 10.0-14.0 sec 
aPIT 58 sec 23-36 sec 
Fibrinogen 400 mg/dL 200-400 mg/dL 
aPTT mixing study 40 sec 23-36 sec 
DRYVT ratio 11 <12 

<5 sec 


PNP difference 1 sec 


This patient does not have a lupus anticoagulant but still 

not correct in a mixing study with pooled normal 
urther studies must be performed. Incubation of 
lasma with pooled normal plasma for 2 hours 
mstrates time- and temperature-dependency, 
yresence of an inhibitor. In addition, factor 
ased activity of a single factor. 


10% 50%-150% 
90% 50%-150% 
95% 70%-130% 


QUESTIONS 
1. What complex is inhibited by LA,c 
tion of the clotting time? 
2. Why does the PNP show a significant q; 
; d : 
patient? erence in this 
3. What form of treatment is indicateq here? 


ANSWERS 

1. The complex that is inhibited by LA jg 
nase complex (factors Xa, V, II, calciy 
lipid), delaying the formation of fibrin 
prolonged clotting time. 

2. The high concentration of Phospholipid in the PNp 
bypasses or “neutralizes” the inhibitor thereby crea 
a greater difference versus the aPTT without Hes on 
tional phospholipid. di. 

3. Treatment of a patient with LA would Tequire antj- 
coagulation with warfarin or, in some circums 
heparin may be used (e.g., during pregnancy), 


using g Prolong 


he Prothrompj. 
m, and Phosph, 
and Producing 4 


tances, 


Factor inhibitor analysis (Bethesda assay) for F VIIIC 
produced a titer of 8 Bethesda units of inhibitor activity (nor- 
mal is less than 0.5 units). One Bethesda unit of inhibitoris 
equivalent to 50% residual factor activity after incubation 
at 37°C for 2 hours. This patient developed a spontaneous 
inhibitor to F VIIIC that resulted in the massive bleeding 
into the tissue of her arm and breast. 


QUESTIONS 

1. Which test(s) rule out the presence of a lupus 
anticoagulant? 

2. What treatment is indicated here? 

ANSWERS 


1. The presence of a lupus anticoagulant is ruled out by 
the negative DRVVT and PNP tests. ; 

2. Treatment of a F VIIIC inhibitor can include porcine 
F VILC concentrates; prothrombin-complex con 
centrates; steroids (alone or in combination); immu: 
nosuppressive therapy; cytotoxic agents; high-dose 
intravenous immunoglobulin, immunoadsorption % 
plasmapheresis if the inhibitor titer is very high. 


—— 


oq hemostasis due to clotting factor defects can 
pe caused “é factor synthesis 


a latelet concentration 
b Decreased P 


umption, or inactivation of Platelets 


& * malities of the blood vessels 
4: ‘Abnormaliti 
. 4 following disorder refers to decreased activity 


L Cc? 
of VIC? 
ilia A 
” See rits B 
emophilia 

4. Hemophilia C 

ich coagulation disorder has decreased activity of 
FVIIC, yWF:Ag, and vWF activity, and a prolonged 
pFA-100 test? ' 
a. Thrombocytopenia 
b. von Willebrand disease 
~¢, Hemophilia A 
“y Acquired hemophilia 


3 


4. The factor deficiency that produces a normal aPTT and 
an abnormal PT is: 
a Afibrinogenemia 
-p. Prekallikrein 
c. Factor VII 
_ @. Factor X 


‘5. Apatient with amyloidosis can have a deficiency of 
__ which factor? 


6. The reptilase time will be norma! in the presence of: 
Sa 


=an RR, Francis CW, Marder VJ 4, Henschen A, Kebl, M, Southan,C, 
structure and physi I i 1994. p. 314-334. 
2 y. In: Lottspeich F, Georgopoulos D. . 
a RW, Hirsh J eee seal ineabiically abnormal fibrinogens—some 6. Reptilase is a registered trademark of 
Denes I : 


DO 


sm and distribution of fibrino- 1983. 


681 

> RF. 

Ann NY Acad 
213-27, 


; peoree in physiologi- 5. McDonagh J, Carrell N, = wre 
- s. Br J Haematol. fibrinogenemia and other disor 
fibrinogen structure and pie 
The structure and evolution In: Colman RW, Hirsh J, Marder ' , 
4 Salzman EW, editors. Hemostasis anc ic paieeweg thong p rer 
Thrombosis: Basic Principles and Clinical ippincott; ple ‘ 


7. i i 
Which of the following is a test for identification of a 
lupus anticoagulant? 


4 om neutralization procedure (PNP) 


c. Platelet count 
d. Thrombin time 
8. All of the following statements are true regarding the 
detection of a lupus anticoagulant (LA) except: 
a. Platelet-poor plasma samples are required. 
b. The aPTT is frequently prolonged and is usually 
the first indication ofan LA. 
c. A mixing study will correct the prolonged aPTT. 


d. The dilute Russell's viper venom time may be used 
to confirm the presence of LA. 


. Christmas factor is another name for which of the 
following factors? 
a. FI 
b. FIX 
c. F XI 
d FX 


10. Clotting factor deficiencies are more likely to present as: 


a. Purpura 

b. Venous bleeding disorders 
c. Mucosal bleeding 

d. Superficial bruising 


11. Which of the following is a nonspecific inhibitor? 
a. F VIIIC inhibitor 
b. F IX inhibitor 
c. F Il inhibitor 
d. Lupus anticoagulant 


See answers at the back of this book. 


Practice. Philadelphia: JB Lippincot: 
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; is: rent characterization strategies. In: P : : 
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hiladelphia- JB Lippi — eee W. Straub PW, editors. Fibrinogen Fibrinogen degradation in vivo: effect on 
277-309 Appincott; 1994. Sou pie panciGosl Aspects, Metabo- the reptilase time and on the thrombin time 
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LEARNING OBJECTIVES 


At the end of this chapter, the learner will be able to: 
28-1 
28-2 


Describe the purpose of the fibrinolytic system. 


Evaluate the components of the coagulation and 
fibrinolytic systems. 


Describe the function of the proteolytic systems 
involved with fibrinolysis. 


Explain the three mechanisms that activate 
plasminogen. 


Identify the consequences of fibrinolytic system 
abnormalities. 


Recognize the conditions that can trigger 
disseminated intravascular coagulation. 


ormal hemostasis is the result of the balanced interaction 
N of the vascular endothelium and platelets with four bio- 
chemical systems: the coagulation, the fibrinolytic, the kinin, 
and, to a lesser extent, the complement systems. The interre- 
lationship between these systems is illustrated in Figure 28-1. 
The endothelium provides procoagulant, fibrinolytic, antico- 
agulant, and inflammatory functions, but these functions vary 
among the different vascular beds and may be organ specific 
in some cases.' 

When a stimulus initiates activation of the coagulation 
system, a series of enzymes comprising the fibrinolytic 
system are activated to lyse the fibrin, reestablishing ves- 
sel lumen integrity and blood flow. This chapter describes 
the biochemistry components of the fibrinolytic system, its 
associated pathophysiologic disorders, and laboratory tests 
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Assess the clinical presentation of acute and 


28-7 
chronic disseminated intravascular coagulation, 
28-8 Compare the laboratory results found in acute and 
chronic disseminated intravascular coagulation, 
28-9 Examine therapies used to treat both acute and 
chronic disseminated intravascular coagulation. 
28-10 Compare the laboratory abnormalities 


associated with primary fibrinolysis, thrombotic 
thrombocytopenic purpura, and disseminated 
intravascular coagulation 


available to evaluate individual 
function. 


omponents and overall 


Components of the Fib: 


The components of the fibrinolyti 
Table 28-1. 


Plasminogen 

Plasminogen is a single-chain plasma zymogen of approx! 
mately 90 kD that circulates in two molecular forms, - 
ing only in their carbohydrate content.’ Each form anaes 
in human plasma in equal amounts. It is synthesized by ™ 
liver and has a half-life of 2 days. The plasma me 
approximately 20 mg/dL. Each form of this molecule ha” 
amino acid terminal glutamic acid (Glu-plasminoge” 


ic System 


ystem are included in 
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FIBRINOLYTIC SYSTEM 
Plasminogen 
Activated protein 
Xtla, Xila fragments | c 
Kallikrein 
Endothelial cells 
proactivator = Tissue plasminogen 
activator 
Plasmin 
inactivation Xila—> Xila 
of Factors V fragments 
and Vill 
Fibrin/Fibrinogen 
FDPs 
COAGULATION SYSTEM 
Kinins HMWK 
Kallikrein Prekallikrein 
FIGURE 28-1 Summary of the interaction of the coagula- 
tion, fibrinolytic, and kinin systems. High molecular weight 
HMWK kininogen (HMWK) and prekallekrein catalyze the activation 
ne Xila of factor Xil to factor Xila. Factor Xila then promotes the 
| conversion of prekallekrein to kallekrein. The latter liberates 
xl Xla the kinins from HMWK, thus completing the positive 
; feedback loops of the contact phase of coagulation. 
: These components stimulate endothelial cells to release 
(Intrinsic cascade) plasminogen activator. Thrombin generated through the 


Platelet 
aggregation and Fibrinogen 
release 
Fibrin 
+ 
Fibrinopeptides 
AandB 


‘an undergo limited proteolytic cleavage of this region to an 
aan tolecule with lysine as the new terminal amino 
2 lasminogen). 


raiminogen Activators 


Via group a of Plasminogen to active plasmin can occur 

minogen °F activating proteins collectively known as plas- 

tivation or ee Regardless of the initiating mechanism, 

the Plasminogen to yield plasmin proceeds through 

‘Stu and tye pe Same arginine 560—valine 561 bond in the 
©ms of plasminogen. 


extrinsic and intrinsic coagulation cascades then converts 
fibrinogen to fibrin, induces platelet activation, activates 
protein C, and stimulates both tissue plasminogen activator 
(tPA) and urokinase-like plasminogen activator (uPA) from 


Protein C cofactor the endothelium, which then can convert plasminogen to 


Protein C 2B as 


protein C {PAI-1) release from the endothelial cells. PAI-1 will serve to 


plasmin. Thrombin exerts a negative feedback by simul- 
taneously stimulating plasminogen activator inhibitor 1 


bind tPA and uPA to dampen plasmin generation. Plasmin, 
once formed, will initiate clot lysis by proteolytically cleav- 
ing fibrin and fibrinogen into fibrin/fibrinogen degradation 
products (FOPs). In addition, plasmin will inactivate a 
number of coagulation factors including factors V and 

Vill and convert activated factor XII into Xila fragments. 
Excess plasmin in circulation is prevented by the presence 
of a.-antiplasmin, which forms a complex with plasmin, 
thus inactivating it. 


The major activators originate primarily in the vascular 
endothelium, the site of synthesis of both tissue plasminogen 
activator (tPA) and endothelial cell urokinase, a single-chain 
precursor, Urokinase plays a minor role in fibrinolysis but 
is an important activator within the genitourinary system. 
Single-chain urokinase is converted to its active form, two- 
chain urokinase, by either plasmin or kallikrein and is rapidly 
inhibited by plasminogen activator inhibitor-] (PAI-1). 

Intrinsic activators are serine proteases present in the 
blood and a variety of other tissues, particularly the vascu- 
lar endothelium. With the initiation of the contact phase of 


| 
| 
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TABLE 28-1 Components of the Fibrinolytic System 


1. Plasminogen Circulating inactive plasma protein produced in liver 


2. Plasminogen activators: 


* Tissue plasminogen activator (tPA) Extrinsic activator liberated from endothelial cells by the action of thrombin 
* Urokinase Secreted by epithelial cells, monocytes, and macrophages 


+ Streptokinase 


Bacterial cell product; forms a complex with plasminogen that has activating activity 


3. Plasminogen activator inhibitor-1 (PAL-1) Inhibitor of tissue plasminogen activator and urokinase 


4. Plasmin Active serine protease of 70-75 kD 


5. a,-Antiplasmin 


Primary inhibitor of plasmin; forms an irreversible complex with plasmin 


6. Thrombomodulin Endothelial cell membrane glycoprotein that serves as a receptor for thrombin 


7. Thrombin-activatable fibrinolysis 
inhibitor (TAFI) 


8. Fibrin and fibrinogen 


coagulation (see Chapter 25), factor XIa, XIla fragments, 
kallikrein, and high molecular weight kininogen interact to 
yield plasminogen-activating ability.** The exact biochemical 
steps involved in the formation of this intrinsic activator are 
not completely understood. The activator activity generated 
by this pathway slowly converts plasminogen to plasmin. 


Tissue Plasminogen Activator (tPA) 
tPA is the primary plasminogen activator within the vascu- 
lar circulation. Its greater efficiency in thrombolytic therapy 
and potential for pharmacological manipulation have led to 
its widespread use as a therapeutic fibrinolytic agent. tPA is 
an endothelial cell product with a molecular mass of approx- 
imately 68 kD 

Although several biochemical stimuli, including hista- 
mine, vasopressin, bradykinin, and adrenaline can induce 
tPA release, thrombin is the most important release inducer. 
Thrombin thus serves as a coagulant component (converting 
fibrinogen to fibrin and aggregating platelets); as a stimulant 
to manage the coagulant process by binding to thrombomod- 
ulin, thus allowing for the generation of activated protein C; 
and as an initiator of fibrinolysis by stimulating endothelial 
cells to release tPA and urokinase (see Fig. 28-1). It is now 
known that thrombin, in addition to causing endothelial cell 
release of PAI-1, also acts to inhibit fibrinolysis through a 
second mechanism. Thrombin works with soluble throm- 
bomodulin fragments to convert procarboxypeptidase B, 
a plasma protein, to its active form, which proteolytically 
cleaves the plasminogen binding site (lysine residue) on 
fibrin and thus prevents plasmin formation and progressive 
clot lysis. This function is termed thrombin-activatable fibri- 
nolysis inhibitor (TAFI).® 

Activated protein C exerts a negative feedback control on 
the coagulation process by proteolytically cleaving activated 
coagulant factors Va and VIIla, thus limiting fibrin formation. 
{PA has a high affinity for fibrin, and its adsorption to fibrin 
clots greatly enhances plasminogen conversion to plasmin. 


Because of a high affinity of both the plasminogen activator 
and plasminogen for fibrin rather than fibrinogen, the effect 
of this reaction is accentuated on the surface of and within the 
clot. Release of tPA from endothelium is also responsive to 
a variety of other stimuli, including venous occlusion, stren- 
uous exercise, and treatment with vasoactive drugs, such as 
the vasopressin derivative DDAVP. tPA activity is increased 
several-fold under these conditions.’ 


Urokinase 

Therapeutic exogenous activators have been available for 
clinical use for several years. As mentioned earlier, tPA js 
widely used as a therapeutic agent to promote fibrinolysis. 
Other therapeutic agents include urokinase and streptokinase. 
Urokinase is synthesized by the kidney and the vascular 
endothelium, as previously mentioned, and is excreted in the 
urine.* It can also be identified in vitro using kidney cell cul- 
tures and is a potent direct activator of plasminogen. Its major 
drawbacks are its expense and relatively lower affinity for 
fibrin compared with tPA. A consequence of the latter prop- - 
erty is that the plasmin digests fibrin as well as fibrinogen. | 
Therefore, the development of severe hypofibrinogenemia is - 
not uncommon with its use. The other exogenous activator, 
streptokinase, is a product of beta (8)-hemolytic streptococci 


Streptokinase | 
Streptokinase is not a serine protease and has no intrinsic 
proteolytic activity but can form a complex with plasmin-— 
ogen. This interaction results in a conformational change 
of the plasminogen molecule and exposure of its active” 
serine site.? The streptokinase-plasminogen complex can 
then undergo autocatalysis to yield other activators such as 
streptokinase-Glu-plasmin and streptokinase-Lys-plasmin.- 
Any of these forms will readily convert free plasminogen | 
to plasmin, Because streptokinase is a bacterial protein, * 
major limitation with its use in thrombolytic therapy 's the | 
induction of an immune response, with resulting antibody | 
development and inhibition of its activity. 
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en Activator Inhibitor-1 
pies |, activator inhibitor-1 (PAI-1) is one of 
rs e sant inhibitors of the fibrinolytic system 
most e. of the family of protease inhibitors that 
mis 2 methrombin (formerly known as antithrombin III), 
“t des Eegitin, q,-antitrypsin, and ,-antiplasmin, which 
Jy referred to as serpins (serine protease inhib- 
, col ies 53-kD glycoprotein also synthesized by 
ior) ae thelium and released primarily in an inactive, 
sul Itis an acute-phase reactant and can be induced 
tent state. of stimuli, including interleukin-1 (IL-1), endo- 
aya va prombin. PAI-1 is the primary inhibitor of both 
: mw arokinase. Thus, regulation of fibrinolysis is depen- 
ne jnteraction of tPA and urokinase with PAI-1. 
dent ial conditions, most of the tPA released is bound 


o PAI-I- 


in 

jvotal serine protease generated through these com- 

biochemical processes is plasmin. This protein has a 
molecular weight of 77 to 85 kD, depending on whether 

Jasmin or Glu-plasmin is formed, and it has a transient 

a half-life measured in seconds."' Plasmin can proteo- 
iytically degrade both fibrin in clots and native fibrinogen 
in the circulation into a series of well-characterized end 
collectively known as fibrin/fibrinogen degrada- 
tion products (FDPs). This process results in an asymmet- 
ric, progressive breakdown of fibrin and fibrinogen." 

The earliest recognized component is fragment X, which is 
still capable of clotting. Fragment X consists of two separate 
D units with an E unit in the middle. The X fragment under- 
goes further plasmin attack to yield Y (consisting of one D and 
Eunit) and D fragments that are not capable of clotting. The 
Y fragment is further digested to yield an additional D frag- 
ment and a single E fragment. 

The proteolytic cleavage of cross-linked fibrin (i.e., fibrin 
stabilized through the action of factor XIJla and calcium) 
results in other intermediate degradation products. This pro- 
teolytic product is referred to as the D-dimer, consisting of 
2D units double-bound together. 

These breakdown products have specific inhibitory effects 
a the coagulation system and thereby suppress further clot 

ion. Fragment X is capable of clotting slowly and 
“rls an anticoagulant effect by competing with fibrinogen 
for thrombin. It also forms slowly polymerizing complexes 
With fibrin monomer and inhibits the polymerization step. 
D forms abnormal complexes with fibrin monomers 
: ) izes. Fragment E is not known to have any spe- 
inp aticoagulant effect. In high concentrations (more than 
«. Meg/mL), the degradation products are capable of inhib- 
ee et aggregation and release. Plasmin also exerts a 
to a effect on the coagulation process by being able 
Vil in head Cleave and render inactive factors V and 
cOprotein tion to breaking down factor XI and platelet gly- 

» the von Willebrand’s factor receptor. 


mantiplasmin 


in fe . . 
position tion characteristically takes place around fibrin 


with little free plasmin circulating. However, 
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this plasmin enzyme if unchecked by the presence of spe- 
Cific inhibitors, would result in circulating fibrinogen being 
digested, decreasing the blood’s ability to clot. The primary 
physiological inhibitor of plasmin in vivo is oc,-antiplasmin." 
It rapidly binds irreversibly to the lysine binding site on plas- 
min in a 1:1 molar ratio. Other protease inhibitors in plasma 
include «,-macroglobulin, C1 inactivator, and a, antitrypsin. 
Of these, only c.,-macroglobulin has a role in plasmin inhibi- 
tion during normal hemostasis, but it participates only when 
«,-antiplasmin binding sites for plasmin are saturated. 


> ADvANceED conTENT 


Measurement of these plasmin-a,-antiplasmin complexes 
has been suggested as an indicator for activation of the 
fibrinolytic system. Plasmin adsorbed onto fibrin during 
the fibrinolytic process appears to be protected from this 
inhibitor because it binds to fibrin through the same lysine 
binding site. Once the binding site on plasmin is occupied, 
the inhibitor cannot bind, and clot lysis can proceed. The 
overall effect is to ensure that plasmin activity is limited 
to the area of fibrin deposition and to prevent free plasmin 
from circulating. 


Thrombomodulin 

Thrombomodulin is an endothelial cell membrane glycopro- 
tein that is a receptor for thrombin and forms a 1:1 complex 
with thrombin. Thrombin, once bound to thrombomodulin, no 
longer has proteolytic activity to convert fibrinogen to fibrin 
but retains its esterolytic function.'? The complex serves to 
activate protein C. Activated protein C forms a complex with 
free protein S (not bound to complement) and exerts negative 
feedback control on the coagulation process by proteolytically 
cleaving and inactivating coagulant factors Va and VIlla, thus 
limiting further clot formation. 


ee eeesnenieensineenpeseepenenies 
ADVANCED CONTENT 


| The thrombin-thombomodulin complex also serves to 

convert procarboxypeptidase B to its activated form, 

i thrombin-activatable fibrinolysis inhibitor (TAFT). The 

| number of thrombomodulin sites on the vascular endo- 

| thelium is downregulated by proinflammatory cytokines 
including IL-6 and tissue necrosis factor (TNF) and by 
other inflammatory modulators released from activated 
neutrophils during the inflammatory process. 


Thrombin-Activatable Fibrinolysis inhibitor 

Thrombin-activatable fibrinolysis inhibitor (TAFI) circu- 
lates in plasma in an inactive form (zymogen) as procar- 
boxypeptidase B and is converted to its active form by the 
thrombin-thrombomodulin complex. Carboxypeptidases are 
enzymes that hydrolyze carboxypeptidase bonds. The protein 
is synthesized in the liver and has a molecular mass of 53 to 
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60 kD. TAFI inhibits fibrinolysis by hydrolyzing lysine (lysyl 
residues) from the carboxyl end of fibrin. These same residues 
serve as binding sites on the fibrin clot for plasminogen-tPA 
complex to initiate fibrinogen/fibrin degradation."* 


Fibrin and Fibrinogen 

Fibrin is a filamentous and insoluble protein that is responsi- 
ble for stable clot formation. It is produced by the action of 
thrombin on fibrinogen, converting it to fibrin. Fibrinogen is a 
plasma glycoprotein produced in the liver. 


CRITICAL THINKING QUESTION 

28-1 Why are so many inhibitors and components involved in 
the fibrinolytic system? 

See answers to all Critical Thinking Questions at the back 

of this book. 


Congenital Abnormalities of the 
Fibrinolytic System 

Congenital abnormalities of the fibrinolytic system causing 
either a hemorrhagic or thrombotic diathesis are rare. Only three 
cases of an abnormal plasminogen have been reported in which 
the patients had a history of recurrent thrombotic episodes. In 
essentially all other cases reported, patients have been asymp- 
tomatic even though a hypercoagulable state would have been 
expected.'* Plasminogen deficiencies have also been reported 
in patients that have developed ligneous conjunctivitis (fibrin- 
rich pseudomembranes that form on the eyes). Low levels of 
tPA activity have been documented in two families and were 
associated with a similar thrombotic tendency. Whether defi- 
ciencies of tPA or urokinase cause a hypercoagulable state is 
controversial. The Quebec platelet disorder, which leads to a 
bleeding diathesis associated with moderate to severe thrombo- 
cytopenia, has been found to be due to excess urokinase con- 
tent in the a granules of platelets.'® Excess levels of PAI-1 have 
been associated with thrombotic disease. A common diallelic 
polymorphism has been described for PAI-1 in which the prev- 
alence of the 4G allele is significantly higher in patients with 
myocardial infarction who are younger than 45 years old.'*"” 

Deficiencies in PAI-1 may lead to bleeding disorders due to 
excessive clot lysis. Deficiencies of a,- antiplasmin have been 
reported in four families to date and, in contrast, are associated 
with a severe hemorrhagic tendency which mimics congenital 
hemophilia. Deficiencies of TAFI have not been reported to be 
associated with a hemorrhagic diathesis, but elevated TAFI lev- 
els are felt to increase the risk for recurrent venous thromboem- 
bolism.'* Acquired abnormalities of the fibrinolytic system are 
much more common and are discussed in the next section on 
disseminated intravascular coagulation and related disorders. 
An integrated system of serine proteases responds once the 

coagulation process is initiated in response to disruption of 
blood vessel integrity (Fig. 28-2). This response is balanced 
so that the same reaction that initiated thrombin formation and 
fibrin deposition also initiates a series of reactions to lyse the 
clot. Factor XIla, with other components of the contact phase 
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FIGURE 28-2 Control of fibrinolysis. Plasminogen activators tissue 
plasminogen activator (tPA) and, to a lesser degree, urokinase (u-PA) are 
synthesized in the endothelium. Both tPA and u-PA are rapidly inhibiteg 
by activated plasminogen activator inhibitor-1 (PAI-1), also synthesized in 
the endothelium. The interaction of tPA with PAI-| regulates fibrinolysis, 
and under basal conditions, most tPA released is bound to PAL-1. 
Plasminogen-tPA binds to fibrin in clots generating plasmin at the 
LYSYL (lysine) residue site and clot lysis occurs resulting in the formation 
of fibrin degradation products (FDPs) including D-dimers. The plasmin 
inhibitor c,-antiplasmin binds to free circulating plasmin at the same 
lysine binding site, thus limiting plasmin activity to the area of fibrin 
deposition. Excess levels of thrombin activate the plasma protein 
thrombin activatable fibrinolysis inhibitor (TAF!), which binds with fibrin 
at the plasminogen binding site, thus preventing plasmin formation and 
fibrinolysis. 


of coagulation, converts plasminogen to plasmin; thrombin 
stimulates endothelial cells to release (PA with subsequent 
plasmin generation. Excess tPA activity is controlled by the 
presence of plasminogen activator inhibitor. Because of the 
high affinity of plasmin for fibrin, most of these fibrinolytic 
processes take place at the site of fibrin deposition within the 
damaged blood vessel. The presence of plasmin inhibitors fur- 
ther ensures that the proteolytic process is linvited to this area. 


Disseminated Intravascular Co»qulation 


Under normal physiological conditions, damage to the vas- 
cular endothelium causes platelets to adhere to the site of 
injury, undergo activation, and aggregate. This reaction 
provides a rich phospholipid environment in which coag- 
ulation can proceed. Under most circumstances, the initil 
coagulant response involves endothelial cell tissue factor 
(TF) complexing with factor VII or Vila to form TF-Vila 
This complex then rapidly converts factor X to Xa and factor 
IX to IXa. The TF-VIla complex is short lived because of 
quick inhibition by the naturally occurring inhibitor, tissue 
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inhibitor (TFPI). The latter forms an inactive 

patvay lex of. TF-Vila-Xa-TFPI. Further coagu- 
soto aah depends on the formation of IXa—VIla 
jgnt 18 « etivation of the intrinsic pathway to convert 
wah the v 10 XA resulting in a sustained burst of throm- 
factor mn. once thrombin is generated, fibrinogen is 

H generate in, factor XIII to its activated form to make 
reverted Bisse, and thrombin limits coagulant activity by 
spe clot! rotein C to its activated form. The latter proteo- 
factor Va and VIIa present, resulting in 
rther coagulant response. Endothelial cells 
grout ed by thrombin to release tPA and single-chain 
ge som to initiate the fibrinolytic process. Excess tPA and 
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single-chain urokinase are rapidly inhibited by PAI-1, and 
€xcess plasmin is bound to a,-antiplasmin (Fig. 28-3). Thus, 
further hemorrhage is prevented, and vascular repair is initi- 
ated to restore normal homeostasis.” p 
When damage occurs to a blood vessel, an integrated abs 
of reactions involving the coagulation, fibrinolytic, kinin, and 
complement systems occurs on endothelial cells and platelets. 
The initial formation of the fibrin clot prevents further hemor- 
thage and initiates vascular repair. The subsequent clot syst 
Serves to reestablish blood flow and vascular integrity. This 
Process is normally self-limited and localized. Under cer- 
tain pathological stimuli, however, the coagulation response 
can be accentuated and overwhelm the normal inhibitory 
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FIGURE 28-3 Integrated system of hemostasis. 7. Disruption of endothelial continuity releases tissue factor (TF). 2. In the presence of lonized calcium, TF 
forms a complex with factor Vil or Vila leading to the conversion of factor X to Xa and rapid generation of small amounts of thrombin and fibrin formation 
Wa the extrinsic Pathway, In addition, the TF-factor Vila-Xa complex is rapidly inhibited by the presence of tissue factor pathway inhibitor (TFPI). 3. The 
Me-TF complex also activates factor IX to {Xa, initiating the intrinsic pathway and the formation of larger amounts of thrombin on the surface of activated 
[ites 4. Enhanced expression of TF by monocytes also occurs in response to endotoxin or cytokines secondary to sepsis. 5. Thrombin stimulates plate- 
pa and the release of platelet agonists. 6. Activated platelets undergo shape change, resulting in the exposure of phospholipids and cofactors 
Satace ‘On the surface of the platelet membrane. 7. Secondarlly, and simultaneously, thrombin complexes with thrombomodulin (TM) on the endothelial 
& Protein C once bound to this complex, is rapidly converted to its activated state. 9. Activated protein C indirectly causes release of tissue plas- 
activator in cells from the subendothelium, in addition to direct stimulation and release of this glycoprotein by thrombin. 10. Plasmin-induced 
: MEOW Sis of the fibrin clot results in the formation of fibrin degradation products. 
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mechanisms. Activation of the coagulation system under 
these circumstances causes consumption of the coagulation 
factors and platelets, with subsequent thrombus formation 
not only at the site of endothelial damage but in a random 
manner throughout the microcirculation.” This hemorrhagic 
syndrome is referred to as disseminated intravascular coag- 
ulation (DIC), defibrination syndrome, or consumptive 
coagulopathy, 

Upon activation of the coagulation cascade, the fibri- 
nolytic system is initiated. Regardless of the nature of the 
inciting stimulus, the pathophysiologic effect of this pro- 
cess reflects the balance between fibrin deposition (action of 
thrombin) and fibrinolysis (action of plasmin). Clinical man- 
ifestations can include diffuse hemorrhage (Fig. 28-4), due 
to depletion of platelets and coagulation factors, multiorgan 
dysfunction caused by vascular occlusion, or the occurrence 
of both conditions simultaneously in different areas of the 
microvasculature. 


Triggering Mechanisms and Associated Clinical 
Disorders 

The diverse stimuli capable of triggering the coagulation 
cascade in this manner all act through one or more of three 
mechanisms:7! 


1. Activation of the extrinsic coagulation pathway by the 
release of tissue factor or tissue thromboplastin-like 
substance 

2. Direct activation of factors X or II 

3. Activation of the intrinsic pathway 


Tissue factor release/expression is the primary initiator 
in most cases of DIC, either due to tissue thromboplastin 
entry into the circulation, extensive injury to the vascular 
endothelium exposing tissue factor in the subendothelium, 
or enhanced expression of tissue factor by monocytes in 
response to endotoxin or cytokines (tissue necrosis factor 
[TNF], IL-1, and IL-6) secondary to sepsis involving both 
gram-negative and gram-positive organisms or inflammation. 
In certain conditions, specifically obstetrical complications 


FIGURE 28-4 Diffuse hemorrhage, a clinical manifestation in a patient 
with disseminated intravascular coagulation (DIC). Note the multiple 
cutaneous ecchymoses. 
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Although activation of the intrinsic system can result» 
DIC, this is an uncommon mechanism. The exact sequen 
of intermediary events by which certain stimuli initia: 
coagulation is well understood, but with other stimuli thi 
| process remains uncertain. Al! pathological stimuli te 
result in activation of the intrinsic system most likely & 
so indirectly by means of first inducing endothelial cl 
damage with subsequent exposure of the subendotheliun 
Platelet adherence and aggregation and factor XIl act 
tion can then occur. This is the proposed mechanism & 
DIC associated with anoxia and immune complex int 
tion, but activation through the extrinsic system maj ” 
play a role. New insight regarding sepsis now sve 
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fone: in! ead t0 shock.?> A list of clinical disorders associated 
J yerts! triggering mechanisms is shown in Box 28-1. 
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_4 Cinical Conditions Associated With 
avascular Coagulation 


stin Release-Factor Vil Activation 


placental abruption 

F rememboli syndrome : 

c 5 ing adenocarcinoma 
Mucin-secreting 


j ic leukemia 

4 ad fetus syndrome 

; aor hemolysis* 

4 Amniotic fluid embolus* 

+ Cardiopulmonary bypass surgery 
Endothelial Cell Damage-TF Release 
+ Immune complex disease 

+ Intravascular hemolysis* 

+ Liver disease* 

+ Heat stroke 
+ Sepsis* 

+ Burns 

+ Vasculitis 

+ Anoxia 

* Acidosis 


Factor X/Il Activation 

* Snake venoms 

* Acute pancreatitis 

+ Liver disease* 

* Fat emboli syndrome* 


“*More than one mechanism may be involve 
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Disseminated Intravascular Coagulation and Primary Fibrinolysis = 
a 
CRITICAL THINKING QUESTION 
28-2 What characteristics of DIC would make it difficult to 
detect through routine coagulation studies? 


Clinical Presentation 

To a great extent, the clinical presentation of DIC depends on 
which of the proteolytic processes (coagulant or fibrinolytic) 
1s dominant. This allows for a wide spectrum ranging from 
an acute, severe hemorrhagic disorder (acute DIC or uncome 
Pensated DIC) to a low-grade disorder with predominantly 
thrombotic manifestations or laboratory abnormalities only 
(chronic DIC or compensated DIC) without clinical evidence 
of hemorrhage or thrombosis. 

In acute DIC, bleeding manifestations of almost every kind 
have been described. Ecchymosis, petechiae, and bleeding 
from previously intact venipuncture sites or indwelling cathe- 
ters have been observed in many patients. 

Purpura fulminans is a rare, life-threatening condition that 
can occur in acute DIC, causing extensive tissue thrombosis 
and hemorrhagic skin necrosis. It is characterized by symmet- 
Tic ecchymosis of the lower extremities and buttocks. These 
ecchymotic lesions can become necrotic. Purpura fulminans 
may develop in patients with DIC due to an acquired protein 
C deficiency from consumption.76 ; 

In chronic DIC, a small amount of activating stimulus is 
released intermittently, resulting in subtle hemostatic dys- 
function. However, destruction and production of coagulation 
factors is balanced with a potential increase in thrombotic risk 
without obvious clinical symptoms. 

A number of factors are important in determining the 
final clinical picture, including the magnitude and duration 
of the triggering stimulus; the functional ability of reticu- 
loendothelial system, particularly the liver, to remove from 
circulation activated coagulation factors, fibrin monomers, 
fibrin/fibrinogen products, as well as immune complexes; 
the compensatory ability of the liver and the bone marrow 
to accelerate clotting factor and platelet production; and, 
finally, the extent to which any particular organ is involved 
with hemorrhage or thrombus.”’ 


Laboratory Diagnosis 
To confirm a laboratory diagnosis of DIC, evidence of acti- 
vation of procoagulant and fibrinolytic components, inhibitor 
consumption, and end organ failure should be confirmed. The 
laboratory findings in patients with DIC reflect the direct or 
indirect effects of excess thrombin and plasmin generation 
(Table 28-2). The constellation of laboratory abnormalities in 
any particular patient depends on the nature, magnitude, and 
duration of the triggering stimulus; the compensatory capacity 
available; and the underlying disease state. No single test is 
diagnostic of DIC; however, in the appropriate clinical setting 
(patient history and the type of bleeding and/or thrombosis), a 
battery of tests can ensure a diagnosis of DIC. 

Examination of a blood smear or tissue biopsy may 
reveal evidence of acute bleeding, accelerated red blood cell 
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destruction, or signs of underlying disease. If the fibrin depo- 
sition does not completely occlude the lumen of the dam- 
aged blood vessel, red blood cells may undergo a shearing 
effect as they traverse this area, with resultant fragmentation 
and the development of a microangiopathic hemolytic ane- 
mia (Fig. 28-5) or the lumen may be completely occluded by 
the thrombus, negating the formation of fragmented RBCs in 
the circulation (Fig. 28-6). Microangiopathic hemolytic ane- 
mia with schistocytes may be evident on the blood smear in 
approximately 50% of patients with acute DIC.* 


FIGURE 28-6 DIC (skin biopsy). Note both partial (small arrow) and com 
plete (/Jarge arrow) occlusion of blood vessels by RBC/fibrin clot, 


Thrombocytopenia is an early and consistent sign of au 
DIC. Platelets are consumed during the coagulation proces 
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FIGURE 28-5 DIC (peripheral blood). Note presence of schistocytes often mildly or moderately reduced; platelet counts unde 
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of prothrombin to thrombin is the result of 
e from the parent molecule of a small, inactive pep- 
erred to as prothrombin fragment F1.2. Measure- 
this activation peptide has been utilized primarily 
nosis of a hypercoagulable state; however, it may 
al utility as a molecular marker for DIC. 

tests for direct evidence of thrombin activity 
) the action of thrombin on fibrinogen. Other than 
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the fibrinogen molecule. Both ELISA and radioimmunos® 
trad available commercially to measure each BDOTE 
Parad. . The major drawback to measuring these PepHeS™- 
ically, is the extreme sensitivity of the ore 
Clevated levels can be seen in clinical conditions in whic’ 
bin is only transiently generated. As a consequence 
Of fibrinopeptide release, soluble fibrin monomers aft 
formed that are capable of forming complexes with intac 
pag molecules or with fibrin/fibrinogen degradation 
. Soluble fibrin monomer complex formation can 
Measured using a commercially available qualitativ® 
hemagglutination assay of human erythrocytes coated wit 
fibrin monomers. Positive test results are indirect indica- 
tions that thrombin was generated and the coagulation 
System activated. Direct measurement of the plasminogen 
Concentration in plasma can also be performed, and com- 
Mercial assays are available. 
__ An indication of increased plasminogen activator activ~ 
ity seen in early stages of DIC can be obtained by per 
forming a euglobulin lysis time. The euglobulin fraction of 
Plasma contains plasminogen, plasminogen activator, plas- 
min, and fibrinogen. The rapidity of lysis of the fibrin clot 
is directly related to plasminogen activator levels. The sen- 
Sitivity of this global assay is limited. As discussed, direct 
quantitation of each component using commercially avail- 
able kits has replaced the euglobulin lysis time. Assays 
for a,-antiplasmin inhibitor levels and for circulating 
plasmin-c,-antiplasmin inhibitor complexes are available 
for clinical use,3! 


Table 28-3 lists available laboratory tests used to diagnosis 
DIC with their associated results, depending on the patient's 
level of compensation. Three generalized clinical states of 
DIC are described in this table along with the typical labora- 
tory abnormalities associated with each. 

The acute (decompensated) DIC state refers to a con- 
dition in which active hemorrhage is evident and the con- 
sumption of the coagulation factors and platelets exceeds 
the capacity to increase the synthesis of these components. 
In the chronic (compensated) state, laboratory evidence of 
an accelerated coagulation and fibrinolytic process is evident 
(increased FPA, soluble fibrin monomer complexes, increased 
B-thromboglobulin, increased FDPs or D-dimer levels, pres- 
ence of plasmin-a,-antiplasmin complexes), but the rate of 
synthesis of the coagulation components is balanced with the 
rate of destruction. Because of this balance, the PT, aPTT, 
thrombin time, and platelet count are usually normal or only 
mildly abnormal. Confirmation of DIC is based on finding 
evidence of coagulation activation peptides (FPA, prothrom- 
bin fragment 1.2) and complexes of activated coagulant/ 
fibrinolytic components (thrombin-antithrombin, plasmin— 
«,-antiplasmin) in addition to increased fibrin(ogen) degra- 
dation products and elevated B-thromboglobulin or platelet 
factor 4 (PF4) levels. 
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|= increased; D = decreased; N = normal; P = positive; Ng = negative. 


The hypercoagulable state is the result of excess throm- 
bin present in the plasma, with a delayed or lessened plasmin 
response. In this condition, evidence of coagulation activation 
is apparent (increased levels of FPA, thrombin-antithrombin 
complexes, prothrombin fragment 1.2, a-thromboglobulin), 
but all fibrinolytic activation markers are absent or minimally 
increased. A characteristic finding in this form of DIC is a 

| shortened aPTT. These clinical states are not static, and it is 

not unusual for one to evolve into one of the others, depending 
on the nature of the underlying disease process and response 
to therapy. 


Treatment 

Treatment of DIC is essentially two-fold: treatment or removal 
of the underlying pathological stimulus and maintenance of 
blood volume and hemostatic function. Dramatic improve- 
ment in the patient’s clinical status with abrupt cessation of 
bleeding and normalization of the coagulation abnormali- 
ties can be seen in certain cases of DIC with removal of the 
underlying pathological stimulus alone (e.g., DIC associated 
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CRITICAL THINKING QUESTION aaa 
28-4 What is the main goal of treatment for DIC? 


Related Disorders 


Primary fibrinolysis is an unusual situation in which plas. 
min is formed in the absence of activation of the coagulation 
cascade. The clinical presentation in this disorder is simil 
to that in DIC, with diffuse hemorrhage occurring as a resu 
of increased plasma fibrinolytic activity. Several mechanisms 
can initiate this process. The presence of proteolytic enzymes 
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Several laboratory tests can serve to readily distin- 
absent. : fibrinolysis from DIC, In primary fibrinolysis, 
the platelet count is typically normal; fibrinopeptides A and 
Js are not elevated, and circulating fibrin-monomer 
B oat and elevated D-dimer levels are absent in contrast 

Be veculs in DIC (Table 28-4) 
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exes; 
SFMC = soluble fibrin monomer complexes; TAT = thrombin-antithrombin comp! 
Fors = fibrin/fibrinogen degradation products. 


Thrombotic thrombocytopenic purpura is the syn ign 
in which fibrin and platelet thrombi are formed ee 
throughout the microvasculature, in contrast to the localize 
thrombus formation seen in DIC. The clinical picture consists 
ofa pentad of findings: 


. Fever 


- Microangiopathic hemolytic anemia 
. Thrombocytopenia 
- Azotemia 


- Vacillating neurological deficits 


Ae WN 


Despite fibrin and platelet deposition, this disorder is not 
typically associated with excessive activation of the coagu- 
lation system. The pathological mechanism in this disorder 
is either a hereditary/familial deficiency of von Willebrand 
cleaving enzyme (ADAMTS-13) in endothelial cells or the 
development of an acquired IgG inhibitory antibody to the 
enzyme that results in the secretion and circulation of ultralarge 
high molecular weight von Willebrand factor multimers that 
Spontaneously bind to circulating platelets and form occlusive 
platelet thrombi in the vasculature.* An abnormality of the 
fibrinolytic system can also be present in some patients with 
diminished or absent fibrinolytic activity, particularly of tPA, 
in plasma and blood vessels affected with microthrombi. It 
is likely these are secondary changes. Therapy has not been 
standardized, but antiplatelet drugs (e.g., aspirin or dipyrid- 
amole), plasmapheresis, and exchange transfusion have been 
used either singularly or in combination with variable success. 
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SUMMARY CHART 


* Normal hemostasis is the result of the balanced interac- 
tion of the vascular endothelium and platelets with four 
biochemical systems: coagulation, fibrinolytic, kinin, 
and complement systems 


* The molecular components of the fibrinolytic system 
consist of plasminogen, plasmin, plasminogen acti- 
vators, PAI-1, plasmin inhibitors, thrombomodulin, 
thrombin-activatable fibrinolysis inhibitor, and 
fibrin(ogen). 


* Native plasminogen is a single-chain plasma zymogen 
of approximately 90 kD that circulates in a lysine and 
glutamic acid form. 


e Plasminogen activators include tissue plasminogen 
activator (tPA), urokinase, and streptokinase. 

¢ The primary inhibitor of plasminogen activators 
is PAI-1 

¢ Thrombin complexed with soluble and cell-bound 
thrombomodulin activates procarboxypeptidase B, 
which binds to the plasminogen binding site on 
fibrin, preventing plasmin formation; this is known 
as thrombin-activatable fibrinolysis inhibitor. 


e Plasmin is a serine protease that has the ability to de- 
grade fibrin in clots and native fibrinogen in circulation 
into a series of well-characterized end products known 
as fibrin/fibrinogen degradation products (FDPs). 

e The primary physiological inhibitor of plasmin in vivo 
is c,-antiplasmin; it binds to the lysine binding site on 
plasmin in a 1:] molar ratio in an irreversible manner. 

e Disseminated intravascular coagulation (DIC) 
occurs when the coagulation response has been 
accentuated and the normal inhibitory mechanisms 
are overwhelmed and cannot stop thrombus formation. 
Coagulation factors and platelets are consumed with 
subsequent thrombus formation throughout the 
microcirculation. 


CASE STUDY 28-1 | 


A 32-year-old woman in her 36th week of gestation noted 


Triggering mechanisms of DIC may include a 
of the extrinsic coagulation pathway by release 
thromboplastin, direct activation of factor X o» 


tiv ation 


of Lise, 


Ib | 

‘ y 

cysteine protease, and occasionally activation Of the | 
: 


intrinsic system by thromboplastins 


Acute DIC (decompensated) state refers to a Condit; 
in which active hemorrhage is evident and consum Mi 
of the coagulation factors and platelets exceeds the i 
capacity to increase the synthesis of these component, 


Chronic DIC (compensated) state refers to laborato 
evidence of accelerated coagulation and fibrino} 
with the rate of synthesis of the coagulation co 
nents balanced with the rate of destruction, 


YSis, 
Mpo. 


The hypercoagulable state of DIC is the result of 
thrombin present in the plasma, with a delayed o 
ened plasmin response. 

Therapy for DIC is aimed at treatment or removal 
underlying pathological stimulus and maintenance 
blood volume and hemostatic function. 


EXCEgs 
rw tak ™ 


Of the 
of 


Primary fibrinolysis is a condition in which plasmin 

is formed in the absence of coagulation processes. 
prothrombin time (PT), activated partial thromboplast 
time (aPTT), thrombin time, and FDP are increased A 
and euglobulin lysis time is shortened, a 


The FDP fragment X is capable of clotting and exerts 
an anticoagulant effect by competing with fibrinogen 
for thrombin; fragments D and Y are unable to form a | 
clot. D-Dimer represents a specific proteolytic Product 

of fibrin degradation by plasmin. 

Clinical conditions associated with DIC may include 
placental abruption, trauma, sepsis, promyelocytic | 
leukemia, cardiopulmonary bypass, immune complex 
disease, burns, anoxia, liver disease, and snake bites. 


Initial coagulation studies revealed PT of 26 seconds 


the sudden onset of lower abdominal pain and profuse (normal is 11 to 13 seconds); aPTT of 84 seconds (normal 
vaginal bleeding. She was rushed to the emergency depart- _is 24 to 30 seconds); platelet count of 20,000/\L (normal 
ment. On examination, she was noted to be hypotensive, —_is 150,000 to 400,000/1L); fibrinogen, 85 mg/dL (nor. 
with a blood pressure of 70/40 and marked tachycardia. mal is 145 to 350 mg/dL); FDPs, greater than 40 pg/mL 
Large ecchymoses and continuous oozing of blood from (normal is less than 10 pg/mL). A blood smear showed 
venipuncture sites were evident. A fetal heart tone was —_ numerous red blood cell fragments present 


barely audible. Births of her other children were uncom- A diagnosis of DIC was made based on the patient’s clin- 
plicated, and the family history was negative fora hemor- _ ical presentation and the supportive labor tory data. The 
rhagic diathesis. patient was placed on intravenous fluids © maintain her 


= STUDY 28-1—cont'd 
¢ 
and given 2 units of fresh frozey 
plood ane platelets. She was taken to the vie es 
i0 nits ent a caesarean section, Her ceding staat 
wd? atively and all coagulation Parameters Teturned to 
Nee tan oie 
¢ is illustrative of an obstetric oo 
Th ruption, which resulted in an acute 
ental eh ering mechanisms have been 
seve tion for the underlying coagulopat 
expan! ding the release of thromboplas 
, Be niotio fluid and tissue necrosis 
from EE acal hemorrhage. The laboratory Parameters are 
ent with & consumptive coagulopa 


thy and secondary 
With the delivery and removal of the placenta 


was removed, and 
Oration of normal 
urs Postoperatively 
t replacement ther- 


™plication, pla. 
DIC syndrome 
Postulated ag an 
hy in this disor. 
Uin-like material 
n the area of the 


jsten® 
j is. : A 
fibrinoly®" of the triggering mechanism 
thol ogical process stopped. Rest 
tatic parameters occurs within ho 


bo ually no further blood componen’ 


apy is required. 


geVIEW QUESTIONS 


p-Dimer formation is the result of the action of 
“(| ee de alga 

plasmin on: 

a, Fibrin monomer 

pb. Fibrinogen 

¢, Cross-linked fibrin 

d. FDPs 


What causes inactivation of factors Va and VIIla? 
2. . 

a, Thrombin 

b. Protein S 

c. tPA 5! 

d. Activated protein C 


3, In primary fibrinolysis, which of the following labora- 
| tory tests will be abnormal” 
a. Platelet count 
b. D-Dimer level 
c. Fibrinopeptide A leve! 
d. Thrombin time 


4. In DIC presenting clinical! 1 hypercoagulable state, 
it is not unusual for whic! i 
times to be paradoxically s! ied? 
a. Reptilase time 

b. Euglobulin lysis time 

c, aPTT 


d. Thrombin time 


ollowing coagulation 
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ANSWERS 
1, Prolonged pT anda 


7, 


8. 


Qu 
1 Which tab tests 


; Does this scena 


» Yes, DIC inyo 


» Complications from 


'$ser, 
nated Intravaseus 
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ESTIONS 


indicate that the 
and thrombosis? 


tio align with a diagnosis of DIC? If so, 
ronic? 


mer ceaakis 
leeding issues Patient is experiencing 
1S it acute of ch 


hy did the C-section help this patient? 


PTT indicate the patient is bleeding. 
brinogen indicate the consumption 
S indicate thrombosis. Red blood cell 
Fragments indicate that shearing is taking place within 
the blood vessel} lumen, indicative of clotting. 

Ives both bleeding and clotting issues. 
hemorrhage and thrombosis seen in this 
te acute DIC is present. 

pregnancy are a trigger for DIC 
nderlying trigger is the best 


Low platelets and fi 
Of factors, Fp. 


The levels of} 
Patient indica‘ 


and removal of the u 
treatment, 


» What is the primary inhibitor of the fibrinolytic system? 


a. Antithrombin 

b. a,-Antiplasmin 
c. Protein C 

d, &,-Macroglobulin 


» What is the primary tissue source for tissue plasmino- 


gen activator (tPA)? 

a. Neutrophils 

b. Mast cells 

c. Endothelial cells 

d, Pluripotential stem cells 


Which of the following is an abnormal RBC 
morphology that can be seen in acute DIC? 
a, Tear drop 

b. Target cells 

c. Schistocytes 

d, Acanthocytes 


What is the primary inhibitor of plasminogen 
activators? 

a, PAI-1 

b. PAL-2 

ce, TAFI 


d, Thrombomodulin 
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11, 
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REVIEW QUESTIONS—cont’d 


a. Severe hemorrhage 

b. Evidence of increased fibrinolysis 
c. Thrombocytopenia 

d. Decreased antithrombin 


Thrombin-activatable fibrinolysis inhibitor (TAFI) 


circulates in plasma as: 

a. Plasminogen 

b. Thrombomodulin 

c. Fibrinogen 

d. Procarboxypeptidase B 


What is the main goal of the fibrinolytic system? 15. How does chronic DIC present clinically? 
a. Laboratory evidence only of thrombosis 


a. Formation ofa stable fibrin clot 


9. Which is a characteristic of cormpensated DIC? 13. Which of the following deficiencies resyjts j, a 
bleeding disorder? 


a. Plasminogen 


b. tPA 
c. PAI-1 
d. uPA 


14. Which of the following is a trigger for DIC» 
a. Direct activation of Factor VIII 


b. Sepsis 


c. Activation of complement 
d. Direct activation of Factor XIII 


12 


b. Lysis of the fibrin clot and reestablishment of 


blood flow 
c. Activation of platelets 


d. Activation of coagulation factors 


plasminogen is activated? 
a. Endogenous activators 
b. Phagocytosis 

c. Intrinsic activators 

d. Complement 
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d. Factor transfusion 


See answers at the back of this book. 
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Acquired Thrombotic Disorders ‘" 
Lupus Anticoagulant/Antiphospholipid 


Heparin-Induced Thrombocytopenia 
Other Acquired Conditions Associated 
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LEARNING OBJECTIVES 


At the end of this chapter, the learner should be able to: 29-8 


29-1 Name the major factors that contribute to the risk 


of thrombosis. a8 
29-2 Identify the endothelial contributions to 
anticoagulation and thrombotic activity. 29-10 
29-3 Describe the activity of thrombin. bow 
29-4 Explain the role of antithrombin. 
29-5 Compare and contrast protein C (PC) and 29-12 
protein S (PS). 
29-6 Outline the inherited causes of thrombophilia based neta 


on demographic, clinical, and lab data. 


29-7 Explain why lupus anticoagulant testing is so 
complex. 
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Describe the mechanism for heparin-induced 
thrombocytopenia. 


Identify acquired causes of thrombophilia in Various 
patient cases, 


Detail the purposes of testing for hyper Oagulable 
states. 
List lab tests for evaluation of patients with 


hypercoagulable states. 


Name anticoagulant theraples us¢ treat 
hypercoagulable states. 

List standard lab testing for monitor! 
therapies. 


ynticoagulant 


F 150 ago, Virchow called attention to the fun- 
poor” <3 involved in the pathogenesis of thrombo- 
Koel Pe ofthe blood vessel, (2) the flow of the blood 
2 1, and (3) the chemistry of the blood itself, 
iti and the public alike are well versed regarding risk 
5 5 arteriovascular disease of atherosclerosis that 
+ arify as stroke and myocardial infarction (MI), 
pssfess aocs include hypercholesterolemia, hypertension, 
yse. In these arterial vasculopathic disorders, 
gs 0" is often the final mechanism of occlusion, usually 
sombos!s to an atherosclerotic lesion. The lesions demon- 
f yechow’s triad: a disrupted vessel lining, a turbulent 
tf and alterations in the concentrations of coag- 
flow factors. which all contribute to the risk of thrombus 
min this setting. 
fom Pee scihin the blood vessel is a well-recognized 
z icularly in the diseased vessel and in the immo- 
on postoperative patient. The slowing of blood flow 
vied ged sitting, as in long airplane or automobile trips, 
ogee of turbulent flow present in atherosclerotic 
au & “fan precipitate thrombosis, especially if added risk 
vessels for thrombophilia exist. If large blood clots form in 
the veins of a patient, an unstable segment may break off and 
sat to the lung vasculature. This potentially deadly pulmo- 
my embolism (PE), among other complications, is the main 
season for the widespread use of prophylactic anticoagulation 
medication within inpatient settings. Other conditions that 
somote a hypercoagulable state and promote indications for 
anticoagulation are chronic atrial fibrillation, artificial heart 
valves, and connection to bypass machines in patients under- 
Fe adic surgery. Altered blood flow and some platelet 
“weiivation mechanisms contribute to the hypercoagulable state 
“inthese conditions. 
"Until the mid-1980s, the laboratory had little to offer in 
the identification of etiological or risk factors in patients who 
suffered from thrombosis. Initial interest in these states of risk 
"tates back to the 1960s with the identification of the relation- 
‘ship of lupus anticoagulant to thrombosis and has proceeded 
fo the understanding of the molecular aspects of several of 
_ these conditions. These are addressed later in the discussion 
‘ofinherited and acquired thrombophilia. 
~ Egeberg described a Norwegian family suffering from 
. thrombotic diatheses linked to a congenital deficiency of anti- 
iy rombin Ill (AT) in 1965.! Since then, rapidly progressive 
- of the association between thromboembolism and 
Ns in factors that inhibit coagulation ensued. Both 
“‘evific inherited and acquired abnormalities have been iden- 
that are most directly associated with thromboembolic 
Patients younger than 40 years of age. In patients 
, malignant neoplasms are commonly the etiolog- 
stimulus,2 In the discussion that follows, risk factors for 
Sate described individually, but the development of 
18a complex process involving the vascular endo- 
lets, the flow of blood, and the interactions of 
| with their endogenous regulators—as 
System. Although some conditions exist that are 
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Sufficient to cause disease alone, most inherited and acquired 
risk factors compound one another to create an optimal envi- 
ronment for thrombosis. 

Hypercoagulable states have a considerable effect on 
society, both in the form of primary pathological thrombo- 
Ses (idiopathic and unprovoked) and secondary to underlying 
medical conditions (e.g., cancer) and transient states (e.g-, 
long-haul travel) leading to thrombotic complications (pro- 
voked). The annual incidence of venous thromboembolism 
(VTE) has been increasing over time, and it has a first-time 
incidence of approximately 130/100,000 people/year In the 
United States.? When one couples the incidence of PE with the 
thrombotic aspect of arterial disease as manifested by stroke, 
myocardial infarction (MI), and peripheral vascular disease 
(PVD), thrombosis becomes overwhelmingly the most com- 
mon mechanism of death encountered in Western countries. 

This chapter explains the regulation of coagulation and 
fibrinolysis, inherited thrombophilia, acquired thrombotic 
disorders, and other conditions associated with thrombosis. It 
presents a diagnostic approach to thrombosis, identifies rel- 
evant issues in the laboratory testing of patients with throm- 
bosis, and describes the use and monitoring of anticoagulant 
therapy. Also included is a discussion on thrombophilia caused 
by abnormalities in the plasma and the laboratory identifica- 
tion of these abnormalities. 


Regulation of Coagulation and Fibrinolysis 


The regulation of hemostasis is complex and involves the 
interaction of many components of the coagulation system. 
In the normal physiological state, procoagulant and anticoag- 
ulant systems are in equilibrium. This balance may be tipped 
in either direction by a change in physiological or clinical 
circumstances. Because the concentration of regulatory and 
procoagulant proteins varies, a patient may vacillate among a 
prothrombotic, an anticoagulated, and a balanced state. Endo- 
thelial cells (and subendothelial structures), platelets, proco- 
agulant factors that participate in the generation of thrombin 
natural inhibitors of coagulation (plasma components), and 
the fibrinolytic system all play important roles in maintaining 
this equilibrium. 


Role of Endothelium 
The endothelium plays a key role in the regulation of hemo- 
stasis and has anticoagulant and procoagulant functions. The 
dual roles lie in the needed properties of maintaining a fluid 
liquid physiological state as well as aiding instant clotting in 
traumatic situations to prevent exsanguination. As arteries 
become smaller in their path through the tissue, a given vol- 
ume of blood is forced into sequentially narrower spaces (the 
surface area to volume ratio increases) to allow the exchange 
of oxygen from the red blood cell to the tissues. The peak of 
this activity is reached in the capillary bed where, at a vessel 
diameter as small as 3 jxm, the surface area to volume ratio 
approaches 1,000 mM?/,.L.* 

Imagine spreading 1 mL of liquid uniformly over the 
surface of an average game table, while allowing no cell or 
molecule to pass through a capillary without contacting the 
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endothelial cells lining the vessel. As a result, opportunities 
for ligand-receptor interactions are provided and, if needed, 
endothelial cell activation resulting in a slowing of veloc- 
ity within these areas that allows for an increased chance of 
unnecessary coagulation. In addition, as in rivers, both large- 
and medium-diameter vessels have slower blood flow near 
the vessel wall, creating a need for endothelial cells to have 
anticoagulant properties along the surface to prevent patho- 
logical clot formation. However, if the lining of the vessel is 
breached, agonists contained in the damaged endothelial cell 
stimulate immediate hemostatic mechanisms that localize clot 
formation to the area of trauma to prevent excessive blood 
loss and thus the cell contains procoagulant properties when 
needed. 


Anticoagulant Role 

In the normal state, intact endothelium physically prevents 
adhesion of platelets to underlying collagen, preventing an 
initiating event of platelet activation. Endothelial cells dis- 
courage platelet aggregation by the continual release of 
prostacyclin (PGL,) and nitric oxide (NO) (both potent aggre- 
gation inhibitors). A product of arachidonic acid metabolism, 
the PGI, molecule is the most important natural inhibitor of 
platelet function. The endothelial cell affects secondary hemo- 
stasis by binding the endogenous anticoagulants, thrombo- 
modulin and heparin-like molecules, to its surface, thereby 
inhibiting the coagulation cascade (described in more detail 
later). Lastly, endothelial cells synthesize tissue plasminogen 
activator (tPA), which by promoting fibrinolytic activity is 
instrumental in the degradation of any wayward fibrin depos- 
its on endothelial surfaces. 


Prothrombotic Role 

When disruption of endothelial cells occurs, platelets adhere 
to the newly exposed subendothelial collagen, become acti- 
vated, and secrete substances to recruit and activate additional 
platelets. The cells synthesize von Willebrand factor (vWF), 
which is the bridging molecule essential for this platelet adhe- 
sion to collagen. vWF is packaged in cytoplasmic secretory 
granules called Weibel-Palade bodies. It also serves as a car- 
rier molecule for FVIII. This coupling of WF to FVIII serves 
two functions: (1) protection of factor VIII from degradation 
and (2) localization of FVIII to the area of trauma. The endo- 
thelial cell also expresses binding sites for activated FIXa and 
Xa on its surface, further localizing coagulation activity to the 
site of injury while producing tissue plasminogen activator 
inhibitor (TPAI) to block degradation of a newly formed 
clot. Interestingly, endothelial cells can be induced by various 
cytokines and endotoxins to produce tissue factor (also known 
as thromboplastin), which initiates coagulation through the 
activation of FVII. This is a mechanism that may explain the 
procoagulant state seen in septic and neoplastic conditions, 


Platelets 

Platelets demonstrate activation in response to trauma to the 

vessel wall. Platelet activation has three steps: (1) adhesion, 

(2) secretion, and (3) aggregation (see Chapter 25), Adhesion 
the underlying collagen, which anchors the activity to the 

area and stimulates a change in platelet shape, defines 


the first step of platelet activation. Fy 
let shape change lie in the rearrange: 
platelet membrane. This not only p 
surface-dependent component of ¢ 
tors, which regionalizes the Coagulation eny 
enzyme-substrate encounters) but also Shee be 
for platelet-to-platelet binding (aggregation, bin ing Pi 
ability of the platelet surface may in Dart ot The ca eg 
bin generation accelerates in the Presence of fa Ms 
The second step of platelet activation ig tea 
agonists that function in recruiting additional. 
promote further adhesion and aggregation, 
reaction (secretion) contributes to thrombogenesi h 
release of the alpha (a) granule contents in res ‘ a 
ious stimuli (e.g., thrombin). These granules a ste 0 var. 
light microscopy and contain the platelet-specife Vi 
platelet factor 4 (PF4), beta (B)-thromboglobutin | 
derived growth factor, and a variety of ot ea Platelet 
including fibrinogen, fibronectin, FV, F VIII, and wee 
contribute to platelet aggregation and thrombin eee 
well as local platelet adhesion. The other type of stora aed 
ule, called dense bodies, are visible only via electron nt 7 
copy and contain ADP, ATP, calcium, histamine, coves 
and epinephrine. 2 
The third step in platelet activation is Aggregation, which 
is linked through fibrinogen and creates the end product of 
primary hemostasis: the platelet plug (the main physical bar. 
rier). These three steps of platelet activation are the basis of 
the platelet function assays. How platelets respond enables 
assessment of the etiology of platelet disorders. 


Actional g sla 
ment of th OF lay 
TOVides g SUtfaen ig 
Sagulation ( : for 4, 


S€Cretign a 
Platelet, ; 
The platelet rj. 


ie 


© proteins 


Procoagulant Factors and Thrombin Generation 
Recall that endothelial cells express binding sites for activated 
FIXa and Xa. They also provide yWF, which bridges platelets 
to collagen and facilitates efficient clotting by binding and 
stabilizing FVIII, localizing this powerful promotor of clot 
formation to the required area of hemostasis. The resultant 
environment of activated platelets and clotting factors gener- 
ates thrombin (FIla) through both the extrinsic and intrinsic 
pathways of the coagulation cascade. Thrombin then is pnn- 
cipally responsible for the resultant generation of fibrin mono- 
mers, which become the insoluble fibrin strands needed for 
blood clot formation. Thrombin is the last and most important 
enzyme of the clotting cascade. The active site of the enzym® 
is buried deep within a groove that is protected by surround: 
ing structures. 

Selective access accounts for the specificity of the enzym* 
In addition, thrombin has two positively charged So 
that are sites for macromolecule ligand binding Cox 
and exosite II). Exosite | is the binding site for the e ; 
receptor, fibrinogen, FV, protein C (PC), and aoe gle 
ulin. Owing to its versatility, thrombin is an cage ai 
esting enzyme within the coagulation system. The actl 
thrombin include: 


produce tw? 
nolecules 0! a 
brinogen cma” 


of fibrin 


¢ It proteolytically cleaves fibrinogen to 
molecules of fibrinopeptide A and two 
fibrinopeptide B from the Ac and BB fi 
respectively. This results in the conversion 


— 


mer, The released fibrin monomers spon- 
jymerize to form fibrin, 

ly Pel (in plasma and platelets) to an active 
which cross-links fibrin with covalent 


be mono 


ifying its own generation. 

binds platelets at low concentrations and initiates 

att changes aggregation, and secretion promoting pri- 
shape : 


stasis. - rot, 
_ mary spats in self-regulation by binding to throm- 
+ Itport lin, which then activates PC and PS to inhibit 
boned thrombin formation. 


b complexity of the thrombin molecule is demonstrated 
os participation in self-regulation, and although it is gener- 
Syeasidered 4 past procoagulant, it has the capacity to 
an anticoagulan 
a Inhibitors es Soe Factors 
nen 
Se pivtin of coagulation requires a balance between 
and anticoagulant proteins in blood. Loss of this 
hslance may lead to hemorrhage or thrombosis. 
"Normal plasma contains a sophisticated system of serine 
protease inhibitors capable of inhibiting many of the activated 
proteases during coagulation that slow the genera- 
tion ofthrombin (Fig. 29-1). A number of these protease inhib- 
"ors are members of the serine protease inhibitor (SERPINs) 
superfamily.* Anticoagulant SERPINs include antithrombin 
(AT), Heparin Cofactor II (HCII), protein C inhibitor (PCI), 
" alphal-antitrypsin (A1AT), and protein Z -dependent protease 
‘inhibitor (PZPI).* The anticoagulant SERPINs are present in 
_ the plasma; however, PN] is stored in the alpha granules of 
platelets and is released upon platelet activation.” 
_ Anumber of plasma anticoagulants supplement the inhibi- 
_ toryaction of these SERPINS. This includes activated protein C 
_ lC)andits essential cofactor protein S, which inhibit FVa and 
_ Villa. In addition, Tissue factor pathway inhibitor (TFPI) 
{ Primary inhibitor of the TF:FVIla complex, Table 29-1 
: the serene-protease inhibitors and their targets.° 


~_ Aatithtombin (Antithrombin-II!) 

ung to the current international nomenclature, AT-II] 
med antithrombin (AT). AT combines with heparin as 
“tor to become the most powerful anticoagulant in the 


Xila 

Xla 

Xa 

Xa 

Vila TFPI 


a 


, Physiological inhibitors of coagulation, AT = antithrombin; 
¢ Xila = activated factor Xil; HC-lI = heparin 
S; TFPI = tissue factor pathway inhibitor. 
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TABLE 29-1 Serine-Protease Inhibitors (SERPINs) 
and Their Targets 


FXa; FXla patente 
Thrombin(Flla) FXa, FiXa, FXla; 
PKa (protease kallikrein) ss 


Fila; FXa 


Antithrombin (AT) 
Heparin Cofactor II 
(HC-II) 

Protein C inhibitor (PC!) 


Activated protein C (aPC); Fila; 
FXla; PKa; FXa 
FXla; FiXa; FXa 


Protein Z-dependent 
protease inhibitor (PZPI) 


SERPINS 


INVOLVED IN FIBRINOLYSIS _ 


c,-Antiplasmin Plasmin 


Plasminogen activators, Plasmin, 
thrombin 


Protease nexin-1 (PN-1) 


Plasminogen activators, Plasmin, 
FXlla, FXla, PKa 


C1- inhibitor (C1-INH) 


circulation. On serum protein electrophoresis, it is an 
.-glycoprotein composed of a single chain of 432 am ino acids 
with a molecular mass of 58 kDa and an in vivo half-life of approx- 
imately 2 to 3 days. AT is synthesized by the liver and belongs to 
the serine protease inhibitor (serpin) superfamily. Nermal plesma 
levels are approximately 120 mcg/mL.° AT is a major inhibitor 
of thrombin (Flla) and factor Xa. Other coagulation factors such 
as FXIla, XIa, and [Xa are also inhibited but to a lesser extent.® 
Normally, AT is a relatively weak inhibitor of the serine 
proteases, but it is activated in vivo by heparin released from 
granules within mast cells and heparan sulfate, a glycosami- 
noglycan (GAG) that lines the endothelial layer.* Heparin, 
which is highly negatively charged, interacts with a short 
pentasaccharide domain in the AT molecule containing a high 
density of basic amino acids, particularly lysine. Because of 
the conformational change in the AT molecule precipitated 
by the binding of heparin, an arginine residue is made read- 
ily available to the active site of a serine protease. A locked 
complex that blocks enzymatic activity is formed between AT 
and the factor, tying up the availability of the protease. As 
the complex forms, the heparin molecule disassociates and is 
ready to react with another AT molecule. Therefore, heparin 
administered even in small doses converts AT from a slow, 
relatively ineffective inhibitor to a fast, effective one. Longer 
chain heparins, such as those found in unfractionated hepa- 
rin (UH), inhibit through both approximation (binding and 
linking the target serine protease to AT via a second heparin 
binding site) inhibiting thrombin, as well as the short-chain 
pentasaccharide-induced conformational change, inhibiting 
FXa. The conformational change due to this pentasaccha- 
ride sequence alone accelerates by several hundred-fold the 
inhibition of FXa, employed by low molecular weight heparin 
(LMWH) and fondaparinux (a synthetic pentasaccharide).’ 
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Thrombin/Thrombomodulin Interaction 
Thrombomodulin (TM) is a transmembrane glycopro- 
tein synthesized mainly by endothelial cells with a crucial 
role in the regulation of coagulation. When thrombin is 
generated at a remote location and released into the cireu- 
lation, it comes into contact with and quantitatively binds 
to the TM on the surface of the endothelium. When bound, 
it changes its enzymatic specificity, no longer recognizing 
fibrinogen as a substrate and, paradoxically, acts on PC, 
generating APC. APC, in the presence of its cofactor, PS, 
forms the APC proteinase complex. This complex has pow- 
erful anticoagulant effects by cleaving FVa and FVIIIa and 
promoting fibrinolysis by inactivating plasminogen activa- 
tor inhibitor-1 (PAI-1).¢ The APC-proteinase complex con- 
stitutes, on a mole for mole basis, the most active inhibitor 
of plasma coagulation identified after coagulation’ (Fig. 29-2). 
Therefore, as previously mentioned, thrombin indirectly 
possesses antithrombotic activities, limiting the extent of 
its own generation. Soluble TM in plasma also functions as 
an anti-inflammatory molecule, making recombinant TM a 
useful preparation for patients with inflammatory disorders 
such as disseminated intravascular coagulation (DIC).* 


Protein Cand S System 

PC is a vitamin K—dependent zymogen with anticoagulant 
properties that, once activated by the TM-altered thrombin 
molecule, proteolytically degrades FVIIla and Va. PC is a 
glycoprotein with heavy and light chains linked by a disulfide 
bond with a molecular weight of 62 kD. The anticoagulant 
role of PC is also described under thrombin/TM interaction, 
previously, and is depicted in Figure 29-2, 

Thrombin/TM activation of PC is modulated by activated 
FY (Va) concentrations. FVa concentrations greater than 
a certain level enhance the activation rate of PC, whereas 
lower concentrations inhibit PC activation.'® This provides 


FIGURE 29-2 Thrombin binds to thrombo- 
modulin on the surface of the endothelial 
cell. Thrombin/thrombomodulin complex 
acts on protein C, resulting in the formation 
of activated protein C (APC). APC inacti- 
vates factors Va (activated V) and Villa 
{activated Vill) in the presence of its 
co or, protein $ reducing coagulation, 
PC also neutralizes plasminogen activator 
bitor-1 (PAI-1) promoting fibrinolysis. 
of APC occurs by protein C 
i) in the presence of thrombo- 
promotes coagulation. TR = 
thrombomodulin; PC = 
‘S; PCI = protein C 


PCI (protein C inhibitor) 


of thrombomodulin, 
promoting coagulation 


inhibits activated protein C 
formation in the presence —» 


a necessary feedback mechanism allow; 
tion to occur (favors coagulation) until ee ®t 
high enough to necessitate contro} of the © level 5, ta 
hypercoagulation) through PC activation Process 
significantly enhanced in the Presence of ; c Ctign 
and phospholipids. In the absence of adequas facto, hy 
PS, PC function is inadequate to contro) Phy Wantities 5, 
thrombin, ‘i Beneratio, 
In the presence of calcium, PS binds to the : 
surface of endothelial cells and activated ota NOS 
ciates with APC. This localizes the PS-APC ¢, ets ang 
needed site of clot formation, PS is 
protein that is produced in the liye 
karyocytes and endothelial cells. ps 
a molecular mass of 69 to 84 kD» It j 
vitamin K-dependent coagulation proteins in thai 
the zymogen of a serine protease. Plasma PS ¢j 
two forms: one is bound with a 1:1 ratio to the Cc 
protein (C4bBP) from the complement system, a 
is free. The free PS form represents about 40% of tota) 
in normal individuals and is the only functional form pe 
Platelets also contain PS; therefore, the activation Of platele 
provides not only a surface for procoagulant Teactions te 
also a cofactor for eventual control of thrombin eneration 
Decreased PS synthesis is seen in many Conditions, the mos 
common being oral anticoagulant therapy; however, vitamin 
K deficiency, liver disease, chemotherapy, and L-asparag)- 


@ Vilamin K-~de 


t it is ny 
TCulates jy 
4b-binding 
nd the othe, 


nase therapy are also known etiologies."! Consumption of ali 
factors including PS can occur with acute thrombotic events 
or disseminated intravascular coagulation (DIC). The carrier 


molecule C4bBP acts as an acute phase reactant with fluctu- 
ating concentrations associated with inflammatory states. An 
increase in C4bBP correspondingly increases the percentage 
of bound PS antigen and a relative decrease in free PS anti- 
gen and therefore PS activity, Conditions that are associated 


Activation of APC 


Endothelium 


Va to Vi 


vutia to Vil 


Neutralizes plasminogen 
activator inhibitor (PAI-1), 
promoting fibrinolysis 


—— 


ein C4bBP concentrations are pregnancy, 
@ an 0 tive USC, diabetes mellitus, and Systemic lupus 
oe Free PS antigen and activity are also often 
see ephrotic syndrome.” 
pots inhibitor (PCI) inhibits the thrombin—TM com- 
en indirectly inhibits APC formation and is enhanced 
pes ce of heparin.” 
ight pathway Inhibitor 
7st" factor pathway inhibitor (TFPI) circulates and 
re tissue ‘with a lipoprotein that inhibits plasma coagula- 
gesote manner: (1) it serves to bind the activated form 
son'in 3 4 or IX, thereby inhibiting their enzymatic activ- 
TEPI-FXa/or [Xa complex then binds to the 
FVIla-tissue factor complex, competitively 
R activation of FX or FIX through the extrin- 
phibitin PS also acts as a cofactor for TFPI function.? 
se peoons are depicted in Figure 29-3. The role of TFPI 
Pesca thrombosis has been studied in animal models. The 
-_ of circulating TFPI activity has been shown to result 
versal of aspirin inhibited intravascular thrombus for- 
oe TFPI plasma levels appear to be acutely consumed 
ig ecute myocardial infarction from intracoronary thrombo- 
gz Most intriguing is recent data regarding arterial wall gene 
Bs ction with that coding TFPI with promising therapeutic 
3 jons in the prevention of intravascular thrombus for- 
Certainly, TFPI is an important component of dys- 
egilated coagulation and may bee a pivotal protein in 
j ovel therapeutic interventions.'*'* 
fibrinolytic System 
iris oye in vascular hemostasis is critical for 
controlling the amount of clot formation and resolving clots no 
“banger needed. The plasminogen inhibitors contribute to clot 
" subility by blocking premature dismantling of the thrombus. 
‘Among the components of the fibrinolytic system are plasmin- 
_tgen/plasmin and the activator system: urokinase-plasminogen 


ion 
jeter FX 


Active complex 
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activator (uPA) and tissue-type plasminogen activator (tPA), 
Which convert plasminogen into the functional form, plasmin. 
The major inhibitors are q.,-antiplasmin and plasminogen acti- 
Vator inhibitors 1 and 2 (PAI-1, PAI-2).° Physiological fibri- 
nolysis results in the proteolytic degradation of polymerized 
fibrin. The central reaction in this system is the conversion of 
a proenzyme, plasminogen, to the proteolytic enzyme plas- 
min. Plasminogen is a 90 kD glycoprotein synthesized in the 
liver with a circulating half-life of 2 to 3 days.* Plasminogen 
circulates both in the free state or bound to histidine-rich gly- 
coprotein (HRGP), «,-antiplasmin, or fibrinogen itself. The 
physiological activation of plasminogen is achieved through 
the extrinsic pathway initiated by tPA release from the endothe- 
lial cells after stimulation and by the intrinsic pathway through 
a FXIla-dependent activator and urokinase. 


A specific group of proteins control fibrinolysis. They 


are serine protease inhibitors and are members of the ser- 
pin superfamily. They are structurally homologous to many 
inhibitors of the serine proteases of the coagulation system 
(Table 29-1). Plasmin activity is regulated and inhibited 
by a number of plasma proteins such as «,-antiplasmin, 


i) 


-macroglobulin, a,-antitrypsin, AT (especially in the 


presence of heparin), and C1 esterase inhibitor.* Physiologi- 
cally, a,-antiplasmin, the main plasmin inhibitor, is a 60 kD 
glycoprotein and circulates in the plasma at a concentration 
of 1 4M. Its properties include: 


O85 


Direct inhibition of plasmin 

Interference with absorption of plasminogen to fibrin 
Susceptibility to FXII-catalyzed cross-linking of anti- 
plasmin to fibrin that incorporates the enzyme into the 
structure of the clot providing stability by inhibiting 
intrathrombus plasmin activity 


The combined effects of these three characteristics render 
-antiplasmin much more specific and effective in inhibition 


of fibrinolysis than any of the other major inhibitors. 


inactivated complex 


Inactive enzyme 


FIGURE 29-3 Shown here is the 
interaction of tissue factor pathway 
inhibitor (TFPI) with factors Vil, IX, 
and X. (Courtesy of John D. Olson, 
MD, PhD; Department of Pathology, 
University of Texas Health Science 
Center, San Antonio, TX.) 
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Plasminogen activators such as uPA and tPA are inhib- 
ited by a number of specific proteins. PAI-1 and PAI-2 are 
found in plasma and urine’ (Table 29-2). These inhibitors 
are nonspecific in nature and deactivate enzymes extrinsic 
to the coagulation system. The most important inhibitor in 
the plasminogen activator system is PAI-1, the primary fast- 
acting serpin inhibitor of tPA. The physiological plasma con- 
centration of PAI-1 varies widely from 0 to 60 ng/mL, with an 
average range of 5 to 20 ng/mL, and many patients with myo- 
cardial infarction have elevated levels.**"! Because the role of 
this enzyme is to dampen the degradation of a clot, there has 
been interest in defining a role in myocardial infarction and 
stroke, especially in atypical patients (younger than 45 years 
of age). Although a case control study reported a correlation 
of younger patients with myocardial infarction and a PAI-1 
genetic polymorphism, subsequent prospective studies did not 
Support this finding. 


> ADVANCED CONTENT 


Another enzyme under investigation is thrombin activat- 
able fibrinolysis inhibitor (TAFI), also known as procar- 
boxypeptidase B. This clot-stabilizing 55 kD glycoprotein 
is synthesized in the liver and platelet alpha granules and 
circulates in plasma bound to plasminogen. TAFI cleaves 
C-terminal lysine groups, essentially removing the binding 
sites for plasminogen and tPA to fibrin strands. Its role in 
hypercoagulable states and inflammation continues to be 
investigated.'* 


The fibrinolytic system is as complex as the coagulation 
System. The cause-and-effect relationship between the fre- 
quency of deficiencies in the physiological fibrinolytic system 
and the occurrence of thromboembolism is not fully under- 
_ stood. However, it seems the most common abnormality is 
the presence of excess PAI-1 leading indirectly to a decreased 
functional availability of tPA, which results in a hypercoagu- 


LE 29-2 Tissue Plasminogen Activator (TPA) 
Inhibitors 
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CRITICAL THINKING QUESTION —. 
29-1 Why would liver disease affect Coagulati 
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Inherited Thrombophilia 


Inherited thrombophilia is a group of con 
disorders that includes a variety of hypercoa 5 log 
which usually present clinically as venous ae Stat 
thrombosis. Hypercoagulability is usually defineg OF art 

ation of the blood coagulation mechanism that 8 an alte, 
one to thrombosis. For thrombosis to manifest a9 
more than one and presumably several] Tisk fats ically 
be present simultaneously to overcome the natural Need t 
processes in the blood. Protectiy, 


£€Nital he 


of 
ee 
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Activated Protein C Resistance 
The exogenous addition of APC to a test tube of no 
plasma creates an anticoagulant effect that can be a 
as a prolongation of the activated partial thromboplastin in 
(aPTT). The absence of this anticoagulant response ae: 
the decreased ability of APC to inactivate FVa and Tesults in 
a thrombophilic state called APC resistance (APC-R)."" The 
concept of APC-R was first described by Dahlback and asso. 
ciates in 1993."* In the majority of cases, APC-R is the result 
of a genetic defect. The predominant etiology of APC-R isa 
defect in the FS gene involving the point mutation at codon 
506 of exon 10, which substitutes a glutamine residue for 
the wild-type arginine amino acid (R506Q), factor V Leiden 
(FVL)."° This codon is the site where APC cleaves and inac- 
tivates FVa. The activity of FV and its role in coagulation are 
not affected. The mutated FVa is resistant to cleavage by APC 
and results in extended procoagulant activity; therefore, it 
increases the risk of pathological thrombus formation." Addi- 
tional rare mutations leading to APC-R as well as acquired 
Causes (e.g., autoantibodies) have also been identified. 
Among Caucasians, APC-R is the most common risk fac- 
tor associated with inherited venous thrombosis, and the most 
common cause is FVL mutation, with autosomal-dominant 
inheritance.” The heterozygous state is relatively common i" 
Western countries and occurs in approximately 2% to 7% of the 
general population. The prevalence in Hispanic, African Am 
ican, Asian, and Native American populations appeals tobe 
low. Fora first episode of VTE, the thrombotic risk for gia 
carrying heterozygous FVL mutation is increased Baier’ 
mately 4- to 6-fold, while the risk for homozygous patients K 
around 7- to 20-fold.2’ For recurrent VTE, the increas J 
tive risk for both heterozygous and homozygous me a ‘ 
be slightly increased compared with persons without’ 
thrombophilia but is not clearly significant (1.1-1.8)- on Oe 
FVL-associated thrombotic risk is dependent tives 
. pi Z 1 contracept™” 
underlying clinical setting. Although ora thrombos> 
and pregnancy may increase the risk i romboie risk 
in women with the mutation, the increased EN" car 
in patients with preexistent cancer or recent S at FY 
not be demonstrated. There is no co 


, ai 
nvineing data ' 
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Seen increased risk for arterial thrombosis, 


se Be an independent risk factor for myocardial 
22,23 


for troversial." 
ei a i screening tests for APC-R are functional 
Most ny) 24 They can be used as a screening method 
gmt ify patients in need of the confirmatory FVL molecu- 
pide he functional APC-R assay is performed by measur- 
jg test poth in the absence and then the presence of a 
ings amount of APC, with a calculation of the resul- 
the APC ratio, Fig. 29-4). In a normal person, the 

pat 0 FAPC to plasma induces a prolonged aPTT because 


apc il aPTT is relatively shorter than in normal plasma. 
js not cleaved and therefore is not inactivated. The test 
FV can be interpreted by comparing the ratio to the normal 
or by normalizing it to the APC-R ratio obtained using 
vocal pooled plasma.* By diluting the patient’s plasma with 
excess of FV-deficient plasma, the sensitivity and speci- 
ag of the aPTT-based APC-R assay can be increased and 
allow the analysis of plasma from patients who are taking 
in or have other factor deficiencies without interfer- 
ene FV-deficient plasma is made of normal plasma with 
alithe moieties needed for coagulation except FV (which the 
patient's plasma must contribute to the mixture) and thus nor- 
smalizes the concentrations of other plasma proteins involved 
in the formation and regulation of thrombin. The limitation 


ato of patient is 2.4 


= normalized ratio is 1.2 


59 sec 
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70 


35 


17 
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OF by norma, 


Normal ratio is >2.0 


70 sec = ratio of normal pooled plasma is 2.0 


(Fina! ratio of less than 0.9 is abnormal) 


APC-R ratio in Case 1 is 1.2; the test is negative for 
resistance. 


sec = ratio of normal pooled plasma is 2.0 


(Final ratio of less than 0.9 is abnormal) 
® APC-R ratio in Case 2 is 0.85; the test is positive for 
and therefore PCR tests for factor V Leiden 


al of the test is increased by comparing the ratio to the normal 
izing it to the APC resistance obtained using normal pooled 
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Of this aPTT-based functional assay (and, in fact, all aPTT- 
based assays) is that the results are unreliable when the test is 
performed on patients with an inhibitor. For example, patients 
treated with heparins and direct oral anticoagulants (DOACs) 
or a lupus anticoagulant can artificially prolong the baseline 
aPTT even with repletion of coagulation proteins. The aPTT 
test, however, may be performed during an acute thrombotic 
episode, 

The genetic test for FVL mutation is often referred to as the 
FVL assay.’ In this test, the genomic DNA is isolated from 
blood mononuclear cells. Using allelic discrimination meth- 
odology by polymerase chain reaction (PCR), the sample 
DNA is analyzed, allowing specific genotypes to be identified 
(normal, heterozygous, or homozygous).”* 

The genetic test is usually performed to confirm the FVL 
mutation and has several advantages over plasma-based func- 
tional assays. The genetic test is not affected if the patient is 
receiving anticoagulants or has plasma inhibitors (such as 
lupus anticoagulant). It does not have a threshold range as 
does the functional plasma-based assays, and it can reliably 
differentiate between heterozygous and homozygous states.** 

One of the approaches in diagnosing patients with FVL 
is to perform an aPTT-based functional assay for APC-R. 
Patients with low APC-R ratios (results may vary among dif- 
ferent laboratories) should be genotyped for the FY muta- 
tion.** Even in laboratories in which there is an excellent 


FIGURE 29-4 Data on the functional assay for activated 
protein C are shown here, This is an APTT-based assay, 

and the APC-R ratio can be calculated by measuring the 
patient clot time with and without activated protein C 
(APC) in the presence of CaCl., In a normal person, the ratio 
is more than 0.9, In case 1, the final ratio is 1.2 and thus the 
test is negative for activated protein C resistance (APC-R). 
in case 2, the ratio Is less than 0.9 and the test for APC-R is 
positive. In case 2, therefore, the patient should be tested 
for factor V Leiden mutation by polymerase chain reaction 
(PCR). APC-V = activated protein C-factor V ratio. 
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concordance between APC-R assays and the results of FVL 
mutation assays, some patients with a low APC-R ratio and 
negative genetic results can still be identified > The signifi- 
cance of this finding is uncertain and may be related to muta- 
tions other than FVL or an acquired APC-R. 

Protein C Deficiency 

PC is vitamin K-dependent glycoprotein that is synthesized 
by the liver. Hereditary deficiency of PC shows an autoso- 
mal dominant inheritance pattern. The prevalence of PC 
deficiency is 0.2% to 0.5% of the general population For 
a first episode of VTE, the thrombotic risk for patients with 
PC deficiency is increased approximately 10-fold* For recur- 
rent VTE, the increased relative risk is slightly increased (1.8) 
compared with persons without a defined thrombophilia 
Homozygous individuals have a marked tendency for recur- 
rent venous thrombosis and PE, neonatal purpura fulminans, 
and warfarin-induced skin necrosis.” Interestingly, heterozy- 
gotes commonly do not manifest thrombosis unless concomi- 
tant additional risk factors exist. 

Warfarin-induced skin necrosis has been associated with 
patients who have PC deficiency” It occurs during the first 
few days of warfarin therapy. Warfarin ingestion results in 
a decrease in vitamin K-dependent factors (II, VII, IX, X, 
PC, and PS). Because PC has a short half-life (6 hours) com- 
pared with other vitamin K-dependent factors, the decrease 
in PC level occurs before the decrease in FII and X levels. 
This causes a temporary imbalance between procoagulant and 
anticoagulant factors, resulting in a transient hypercoagulable 
State that can lead to thrombosis and subsequent skin necrosis. 

Infants with inherited homozygous PC deficiency may 
develop thrombosis of small capillaries including cerebral 
vessels and laboratory evidence of disseminated intravascular 
coagulation (DIC). The condition is usually fatal and is called 
neonatal purpura fulminans.** It is important not to misinter- 
pret the physiologically low level of PC in a normal newbom, 
which may be near zero in a sick preterm infant.** The level 
usually rises rapidly after birth. 

The functional PC activity assay is used as the screening 
assay for PC deficiency. The antigenic assay is used to deter- 
mine the mechanism of the deficiency (decreased production 
or abnormal protein) and is rarely necessary in diagnosis. 
Based on immunological and functional assays, two subtypes 
of heterozygous PC deficiency have been described.’ Type 1 
(quantitative) deficiency is the most common, which shows 
a reduction in the activity due to a concomitant decrease in 
the amount of antigen (to approximately 50% of normal)’ 
Type Il (qualitative) deficiency (further subsequently subtyped 
as Ila and IIb, described later) is less frequent, and like type I, 
shows reduced functional activity but can be differentiated by 
the measurement of normal antigen levels.**’ This type is a 
result of defective molecular mechanisms that allow expres- 
sion of a protein that has lost functional capacity.”” 

The chromogenic PC assay is the recommended first 
assay given its improved specificity over the clot-based 
assays.”* For both, PC is activated in the presence of the spe- 
cific activator extracted from snake venom (Southern Cop- 

perhead viper venom, Protac®). Chromogenic assays detect 


enzymatic cleavage of a small synthetic sop 

identification of Type I and Type Ia PC dcficien,: 
such, also identify defective interactions wi, Pe; ban’ ee 
calcium ions, FVa and Villa, or PS (Type Ib) (Tabie ma, 
While the clot-based assay carmies the advantage or > 3 
fying an additional subset of cases, numeroys 3... “E 


US Iter, 


including high levels of FVIII (greater than 2592.) SS 
agulant therapy (DOACS. heparin). and lupus tatiana 
limit its utility as a first line assay. Both assays 
ited by sample activation, as well as hemolysis, icteres, 

lipemia (HIL).* The procedures used for antigenic a 
are most commonly enzyme-linked immunosorbesr 
(ELISA), historically electroimmunodiffasion | eas 


May be 


rocket electrophoresis), and radioimmunoassay. > a 
Acquired PC deficiency must be excluded ang 


a st : ca § 
seen in a number of conditions, which include 5 = 


si zi iver as 
ease, DIC, warfarin therapy, severe infection Septic shack 
adult respiratory distress syndrome. postoperative Stes 


acute thrombotic episode, and secondary to chemothern 
(e.g., L-asparaginase, methotrexate, cy clophosphamide. ani 
5-fluorouracil) (Table 29-4). It is important to note thar dee 
to the vitamin K dependency of this factor, measuremen 
cannot be taken while on vitamin K antagonists and shod 
be drawn only after an appropriate waiting period wha 
quent to the cessation of therapy (approxi mately 4 weeks) 


Protein S Deficiency 
PS is a vitamin K—dependent nonenzymatic glycoprotein sya 
thesized mainly in the liver but to some extent in endothelial 
cells, megakaryocytes, and other cells. It exists in an active 
free form that functions as a cofactor for APC and an inactive 
form bound to complement C4b-binding protein (C4dB?). 
The free form accounts for 40% of total PS and has a half-lik 
of approximately 45 hours> 

PS deficiency is inherited as an autosomal dominant dis- 
order. The prevalence of PS deficiency in the general pope- 
lation is approximately 0.1% to 0.796." For a first episode 
of VTE, the thrombotic risk for patients with PS deficiency 
is increased approximately 10-fold. For recurrent VTE, te 
increased relative risk (1.0) is not clearly increased compared 
with persons without defined thrombophilia? In contrast 
to PC deficiency, even heterozygotes have a strong tender) 
to develop DVT, PE, cerebral and mesenteric thrombests 
superficial thrombophlebitis, and arterial thrombosis a” 
may also develop warfarin-induced skin necrosis, Patieats 


TABLE 29-3 Classification of Hereditary Protein C (PC) 
Deficiencies 


causes of Acquired Deficiency 
sion Inhibitors 
Causes of Acquired Defects 
DIC 
Liver disease 
Nephrotic therapy 


Oral contraceptives 
-Asparaginase 


Oral anticoagulant treatment 
DIC 
Vitamin K deficiency 


After plasma exchange 
Postoperative state 
t-Asparaginase 

Liver disease 


Oral anticoagulant treatment 
Pregnancy 

Oral contraceptives 

Vitamin K deficiency 

Liver disease 

Diabetes type | 

Acute inflammation 
Newborn infants 


with homozygous PS deficiency are severely affected and 
may develop neonatal purpura fulminans just after birth, sim- 
lero that seen with PC deficiency. 
Both immunological and functional methods are available 
to measure PS. Reliable measurements of total antigen are 
using radioimmunoassay, latex immunoagglutina- 
tion assays (LIA), ELISA, or electroimmunodiffusion (Laurell 
meket electrophoresis). Functional assays are performed for 
the quantitative measurement of the free functional PS level 
based on the ability of PS to serve as a cofactor for the anti- 
coagulant effect of APC inhibition of FVa. This inhibition is 
meflected by the prolongation of the clotting time of a system 
ttstis enriched with FVa, a physiological substrate for APC. 
Based on the immunological and functional assays 
scribed earlier, three subtypes of PS deficiency have been 
‘toted (Table 29-5), The most common, type | (quantitative) 
siency, is associated with decreased activity due to a low 
antigenic level of total and free PS levels. In type II (qualita- 
. deficiency, total and free PS levels are normal; however, 
al PS activity is low. These cases are extremely 
© counting for between 1% to 5% of all PS deficiencies.” 


Classification of Hereditary Protein S (PS) 
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In type III (quantitative) deficiency, total antigen levels are 
hormal, but free PS antigen and activity levels are low.” - 
ently, free protein S antigen assay is the recommended initial 
assay, despite being normal in type II phenotypes, given os 
relative insensitivity to preanalytic variables compared with 
protein S activity assays.??*! 

Acquired PS deficiency can be seen in liver disease, DIC, 
Pregnancy, oral contraceptive use, vitamin K deficiency, 
during an acute thrombotic event, and in therapy with warfa- 
tin and L-asparaginase® (see Table 29-4). C4bBP is an acute- 
phase reactant, and its increase will proportionately bind free 
PS; therefore, the amount of free PS may decrease in inflam- 
matory conditions such as systemic lupus erythematosus 
(SLE), inflammatory bowel disease, pregnancy, and acquired 
immunodeficiency syndrome (AIDS).’! Because PS acts as a 
cofactor for APC, functional assays may show spurious low 
PS levels in patients with APC-R.”” 


Antithrombin Deficiency 

Because antithrombin (AT) serves to regulate the most pow- 
erful procoagulant, thrombin, a deficiency causes a prothrom- 
botic state.>? Homozygous states are largely incompatible with 
life except for a rare functional (type II) variant, and the major- 
ity of affected individuals are heterozygous with AT levels 
40% to 70% of normal. It is an autosomal dominant disorder 
with a prevalence in the general population of approximately 
0.02%. For a first episode of VTE, the thrombotic risk for 
patients with AT deficiency is increased approximately 10 to 
30 times.*!“? For recurrent VTE, the increased relative risk is 
slightly increased (2.6) compared with individuals without a 
defined thrombophilia.” 

The initial clinical manifestation of AT deficiency is com- 
monly between the age of 10 and 50 years (peak 15 to 35), 
may occur spontaneously in half of the patients, and i 
characterized by thrombosis of the deep veins of the lower 
extremities, mesenteric veins, and PE.” In the remaining 
patients, thrombosis may occur in the presence of additional! 
risk factors such as pregnancy, the use of oral contraceptive 
pills, surgery, or trauma,***° 

Acquired AT deficiency is common, arising from con- 
ditions such as decreased synthesis (liver disease or 
L-asparaginase treatment), consumption (thrombosis, dis 
seminated intravascular coagulation [DIC], surgery) or 
loss (proteinuria in renal disease), and continuous heparin 
use*® (see Table 29-4). Mild decreases can be seen with 
pregnancy, oral contraceptive use, and colitis.° Before a 
diagnosis of AT deficiency is rendered in any patient with 
these conditions, the test should be repeated once the condi- 
tion is no longer present. 

Hereditary AT deficiency may require documentation of a 
deficiency in a blood relative or genetic testing. 

Various methods have been described for the measure- 
ment of AT. Immunological assays such as ELISA, rocket 
immunoelctrophoresis, immunoturbidimetric assays, and 
radial immunodiffusion are available that measure the anti- 
gen levels but cannot be used to detect dysfunctional mol- 
ecules,” To detect the qualitative abnormality of the AT 
molecules, an activity assay is preferred. A known amount 


664 PART4 Hemostasis and Introduction to Thrombosis 


of thrombin or FXa is added to the patient’s plasma contain- 
ing AT in the presence of heparin. The aliquot is removed 
and added to a specific synthetic chromogenic or fluorescent 
thrombin substrate and the released compound is measured 
spectrophotometrically or via fluorometer, respectively.”* 
A progressive activity assay is an activity assay with two 
significant alterations: (1) no heparin present in the reagent, 
and (2) the incubation time is extended.** Because the reac- 
tion time is slower, it allows for measurement of AT activity 
without contribution from the heparin-binding site (HBS). 
The progressive activity assay has lower specificity because 
it may be affected by other inhibitors (e.g., trypsin inhibitor 
and a2-macroglobulin). 

Based on these assays, two types of AT deficiency can 
be distinguished phenotypically. In the common type I defi- 
ciency, there is a proportionate decrease in both the func- 
tional and antigen levels because the deficiency is due to a 
decreased amount of a functionally sound molecule (quan- 
titative defect), More than 250 mutations in the AT gene 
SERPINCI have been reported.” Type II deficiency shows 
a more pronounced decrease in the functional level with a 
relatively normal antigen level (qualitative or dysfunctional 
defect) because the molecule is created but does not func- 
tion properly. Type II is associated with point mutations and 
can be further subdivided into three subtypes: those charac- 
terized by abnormalities primarily affecting (1) the serine 
protease inhibition site for thrombin/Xa (i.e., the reactive 
site [RS]), (2) HBS, and (3) those with effects on both prote- 
ase inhibition and heparin binding (i.e., pleiotropic).***’ The 
classification of hereditary AT deficiencies is summarized in 
Table 29-6. 

Based on functional assays, the prevalence of thrombosis 
appears to be different in heterozygous patients with type II 
defects. Individuals with HBS defects have infrequent throm- 
botic episodes while, in contrast, those with RS defects sus- 
tain venous thrombosis as often as type I patients.*” 


CRITICAL THINKING QUESTION 
29-2 Why are many thrombophilic conditions detected first 
in young adulthood, especially in women? 


TABLE 29-6 Classification of Hereditary Antithrombin 
(AT) Deficiencies Activity 


Subtypes 


I Low Low 
1 (RS) Normal Low* 
i (HBS) Normal Low* , 


I {pleiotropic) — Normal/Low Low 


RS; Reactive site; HBS: heparin-binding site 

Differences in thrombin and FXa-based assays may lead to misdiagnosis in some 
Type I AT deficiencies. 

**Except for AT Cambridge I! which will be normal. 


ADVANCED CONTENT 


Prothrombin (F2) G20210A Mutation 
Prothrombin (FID is a vitamin K-dependent factor 
converted to thrombin (Fla) by FXa in the Presence on ig 
Ca**, and phospholipids. The combination of FV, Xe a : 
and phospholipids is called the prothrombinase com ; bos 
macromolecular enzyme complex in which prothro his 
a substrate and thrombin the product. Hereditary dices i 
of prothrombin synthesis may result in quantitative Gas 
(decreased production) and qualitative defects (dyefies 
tional prothrombin molecule). Clinically, both of AS 
defects can result in a bleeding diathesis. . 

A 21-kb gene present on chromosome 11 codes for th 
prothrombin molecule.** This gene consists of 14 exong an 
13 introns. A mutation in the prothrombin gene has bee, 
described, revealing the presence of a single guanine (Gj 
to adenine (A) mutation at the nucleotide position 2021 
to be associated with an elevated prothrombin level ang a 
increased risk of DVT.* 

The heterozygous state is relatively common and ocey 
in approximately 1% to 2% of the general Population; 
homozygous state is rare.** For a first episode of VTE, th 


| thrombotic risk for patients carrying heterozygous Fy 


mutation is increased approximately 2 to 4 times, where 


_ the risk for homozygous patients is approximately 2 4 


21 times.*° For recurrent VTE, the relative risk for het 
erozygous mutations can be slightly increased compar 
with persons without a defined thrombophilia, but it is n 
clearly significant (0.7—2.3). The relative risk for homozy 
gous states is uncertain.” 

Carriers of this mutation have higher plasma prothro 
bin levels than those with a normal 20210 genotype. 
high level of prothrombin alone is not a reliable mark 
of disease predisposition, whereas detection of the muta: 


_ tion by genetic testing appears to be a reliable prognosti 


factor.” 

At present, the PCR test for F2 G20210A mutatio 
is available in clinical laboratories. In this test, DN 
is isolated from blood mononuclear cells. Using alleli 
discrimination methodology by PCR, the sample DN! 
is analyzed, allowing specific genotypes to be ident 
fied (normal, heterozygous, or homozygous). Among t 
Dutch population, the prothrombin gene mutation is ¢ 
second most common genetic defect (the most freque 
being the FVL mutation). Because of the high prevalen 
of APC resistance (e.g., FVL) and of the prothrombi 
gene mutation (F2 G20210A), combinations of genetl 
defects are relatively common. The factor V Leiden at 
the prothrombin gene mutation G20210A account f 
about 50% to 70% of the diagnosed genetic throm! 
philia.® Patients with both mutations (double hetero4 
gotes) may have a higher risk of thrombosis.” Howe¥ 
more studies are needed to improve our understandi 
of the ethnicity-specific variability of the FVL and P 
thrombin gene mutations. 


- js an amino acid derived from metabolic con- 
ahionine. It is usually metabolized within the 
gnine (via the remethylation pathway) and 

the transsulfuration pathway). Remethylation 
jnvolves two pathways. In the first remethyl- 
gy, homocysteine accepts a methyl group from 


acting 25 2 cofactor This pathway is catalyzed 
syathase. The transsulfuration pathway is cata- 
tsthione B-synthetase with vitamin B, as a cofac- 


ocysteimemia can be inherited or acquired. 
ms have genetic defects that involve (1) the 
pathway, as aresultofa deficiency of meth- 
¢ - owing to the deficiency of 
thetase.*° Multiple MTHFR gene muta- 
described and in general, distribution 
lations varies. The mutation of MTHFR 
ne substitution to valine at arnino acid 677) is 
“ae 


CYSTEINE 


™ Causes of acquired hyperhomocystcinemia 
~ 30 deficiencies of folate, vitamin B.,, and/or 
ate cofactors in homocysteine metabolism.” 


Possible mechanisms by which . 
acts as a thrombogenic and atherogenic risk factor include 
vascular smooth muscle proliferation, inhibition of endothe- 
lial cell growth and intimal thickening, activation of FV, and 
inhibition of PC activation.” Severe A 
is usually secondary to genetic defects and characterized by 
Mental retardation, premature atherosclerosis, venous throm- 
boembolism, and skeletal abnormalities.” Mild to moder- 
ate hyperhomocysteinemia can be secondary to genetic OF 
acquired conditions and is an independent risk factor for 
stroke, MI, and peripheral vascular disease.“ Levels of homo- 
cysteine can be measured by high-pressure liquid chroma- 
tography. A PCR-based genetic test is available to detect the 
common mutations in the MTHFR gene. However, testing for 
this genetic mutation is not recommended routinely because 
it does not represent a significant prothrombotic risk, in the 
absence of elevations of fasting plasma homocysteine level.” 
Regardless, ongoing debates exist, arguing the need for test- 
ing in obstetric patients with repeated pregnancy losses.” 


Tissue Factor Pathway Inhibitor Deficiency 

Tissue factor pathway inhibitor (TFP!) may play a significant 
role in preventing thrombus formation; however, deficiency 
of this inhibitor may be associated with hormone-induced 
venous thromboembolism. There are two TFPI; namely, 
TFPI 1 and TFPI 2, which are encoded by separate genes.*’ 
Evidence suggests that TFPI 1 and 2 are homologs with 
different protease inhibitory actions in the coagulation and 
fibrinolysis pathways? The TFPI 1 inhibits factor Xa and 
1Xa.°** TFPI can be found in endothelial cells, plasma. and 
platelets. The endothelial cell pool represents the majority of 
the TFPI. Most of the plasma pool is complexed with various 
lipoproteins, whereas only 10% of the TFPI is present as a free 
form and is biologically active” The concentration of TFPI 
is increased in plasma in patients receiving heparin infusion. 
Recombinant TFPI is now available and has been evaluated in 
a few studies, with results showing a possible role of TFPI in 
the interruption of thrombus formation. 

Additional evidence suggests that autoantibodies to tissue 
factor pathway inhibitor (TFPI) and/or antiphospholipid anti- 
bodies (aPL) may contribute to upregulation of the tissue fac- 
tor (TF) pathway of blood coagulation and the development of 
thrombotic complications in the antiphospholipid syndrome 
(aPS).°** 


Factor XII Deficiency 

FXII is one of the contact factors that initiates the intrinsic 
pathway of coagulation in vitro. It is also known as Hageman 
factor, after the patient in whom the deficiency was first iden- 
tified in Cleveland in 1955. Patients with FXII deficiency 
have a prolongation of APTT but no bleeding diathesis.” 
Instead, several cases with venous thromboembolism and 
myocardial infarction have been described in FXII-deficient 
patients.*” Mr. Hageman himself died of a PE. Because FXTla 
is involved in activating plasminogen, the thrombophilic 
tendency in FXII deficiency patients has been attributed to 
reduced plasma fibrinolytic actvity.“’** While there does not 
appear to be an increased incidence of thrombosis in patients 
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with heterozygous FXII deficiency, severe or homozygous 
States may lead to increased risk.474%5° 


Dysfibrinogenemia 

Dysfibrinogenemia is a condition in which there is a struc- 
tural or functional abnormality of the fibrinogen molecule, or 
both, If congenital, the inheritance is autosomal dominant."! 
The clinical presentation is variable and can include bleed- 
ing or clotting tendencies. Approximately 60% of the patients 
are asymptomatic; a bleeding diathesis can be seen in 20% of 
cases, and 20% of cases may present with recurrent arterial or 
venous thromboembolism.*! 

A number of functional and biochemical defects of the 
fibrinogen molecule have been described. These include an 
abnormality in binding of thrombin to fibrinogen, the release 
of abnormal fibrinopeptides, defective fibrin polymeriza- 
ion and cross-linking, decreased activation of plasminogen, 
and resistance to lysis by plasmin. These abnormalities are 
reflected in the routine coagulation assays as prolongation 
of PT, APTT, fibrinogen, reptilase time, and thrombin time. 
The fibrinogen concentration via functional assay is low, but 
it is normal when measured immunologically. An important 
point to consider is that the abnormal fibrinogen may not 
be incorporated into the clot, and the soluble molecules that 
remain in the serum can be mistaken for fibrinogen degrada- 
tion products in some assays, leading to the misdiagnosis of 
active fibrinolysis and thus DIC. Given the low frequency of 
inherited dysfibrinogenemia, routine testing in thrombophilic 
testing is not recommended. Dysfibrinogenemia can be seen 
in a variety of acquired conditions but most commonly severe 
liver disease.*? 


Elevated Plasma Factor VIII Coagulant Activity 
The elevated plasma FVIII coagulant (:C) level (elevated 
functional and antigenic levels) is considered an independent 
risk factor for thrombosis.*? This abnormality could not be 
attributed to inflammation, because fewer than 10% of the 
patients with FVIII:C levels of greater than 150% had eleva- 
tions in an acute phase reactant (such as C-reactive protein, 
fibrinogen, and erythrocyte sedimentation rate [ESR]).””* 
Studies have demonstrated that patients with sustained 
FVIII greater than 150% had an increased risk of thrombosis 
compared with patients with FVIII less than 100%.°** One 
study has demonstrated that an elevated FVIII level may also 
be a strong thrombotic risk factor in the black population.*° 
The clinical utility of routinely measuring FVIII levels in 
patients with thrombosis remains to be determined. 


be ADVANCED CONTENT 


Lipoprotein a and Thrombosis 
' Lipoprotein a (Lpa) represents a low-density lipopro- 
' tein (LDL)-like particle having a protein moiety apopro- 
tein B-100 linked by a disulfide bridge to a glycoprotein 
called apolipoprotein a (Apo a).*° Elevated levels of Lpa 
are under genetic control and have been recognized as an 
atherothrombogenic factor, but the underlying mechanisms 


for this pathogenicity are not well understog, 
structural homology of Apo a with plasming 
ratory studies have shown that Lpa inhibits 
effectively competes with plasminogen for 
or endothelial cells. It also binds tPA and 
' ulate the release of PAI-1 from endothelia 
show evidence of increased levels of Lpa in athero 
thrombogenesis and an association with Vidette | 
sive disorders.” However, data supporting a role in 
thromboembolism is contradictory.** M 
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Other Coagulant Factors Associated 
With Thrombosis 

High levels of FXI, IX, fibrinogen, IL-8, and TAFT an 
levels of plasma fibrinolytic activity or HCII are asso 
with venous thrombosis.” Assays for some of these pr 
are not widely available, and the clinical utility of these 
surements is currently uncertain. 


Acquired Thrombotic Disorders 


The two acquired thrombotic disorders are lupus 
coagulant/antiphospholipid syndrome and heparin-ind 
thrombocytopenia. 


Lupus Anticoagulant/Antiphospholipid Syndr 
Antiphospholipid (aPL) syndrome is one of the acq 
thrombotic disorders. The clinical features of aPL synd 
include vascular thrombosis and pregnan 
complications. The thrombosis can be ar 
and tends to recur in the same site. According to the re 
international classification, aPL syndrome requires the 
bination of at least one clinical and one laboratory crit 
(Table 29—7).°'*? aPL syndrome is considered primary 


not associated with any identified under! disorder, 
secondary when it occurs in association with another diso 
Secondary aPL syndrome is most frequent'y associated 
systemic lupus erythematosus (SLE) and other autoim 
diseases,°* but it has occasionally been seen after exp 
to certain pharmaceuticals (such as phenothiazines, q 


dine, hydralazine, procainamide) and in patients with u 
lying malignancies. The overall prevalence of aPL synd 
is difficult to determine because of variations in labo 
techniques and diagnostic criteria. In spite of this, the 
alence of aPL syndrome in SLE patients has been exa 
by many researchers. The frequency of lupus anticoag 
(LA) and anticardiolipin (aCL) in nearly 2,000 SLE pat 
reported in the literature is 31% and 40%, respectiv ely. 
estimated frequency of aPL antibodies in healthy indiv! 
is estimated to be between 1% and 5%. In SLE patients, 
antibodies are significantly higher, around 30% {0 4 
Patients with SLE and aPL antibodies have a signifie 
higher risk of thrombotic events over time (50% to 70 
although not all patients develop thrombosis.® Al though 
bodies directed against many other antigen specificities 
been reported, the major antigen targets ofaPL antibodie; 


‘ CO" on 00S 
2 gh 
* mall =, ‘bidity, to include one of the situations described here: 
» fregner is at 210 weeks EGA 
Fetal 2a delivery at <34 weeks EGA due to severe pre-eclampsia, 
prem ar e . . 5 me 


ree ormore unex’ 


StH ssc guidelines 


BAe stasis = Scientific Standardization Subcommittee. 
vw Ses of a confirmed positive test result 


| and prothrombin.** Patients who are negative for all 
teria for aPL antibodies but present with APS symptoms 
getermed “non-criteria” aPL.® The autoantigen specificities 
ofthese aPL comprise various phospholipids, phospholipid- 
binding proteins, and coagulation factors.®° Three aPL anti- 
body tests are included in the APS classification criteria. 
Detection of IgG and IgM isotypes of anticardiolipin anti- 
bodies (aCL), anti-beta2-GPI antibodies (aS2GPI), and a 
phospholipid-based blood coagulation assay for the dys- 
function caused by these antibodies is known as the lupus 
anticoagulant (LA) assay.°** 
The term LA refers specifically to the laboratory in vitro 
phenomenon of prolongation of phospholipid-dependent 
Coagulation assays such as the APTT in the absence of an 
ainbutable factor deficiency. Laboratory evidence of aPL 
miibodies can be in the form of either immunologically 
demonstrated aPL antibodies or, more frequently, LA, or both. 
The presence of aPL antibodies, either demonstrated by LA 
Or detected immunologically, is not sufficient for the diagno- 
‘Sof aPL syndrome. Additional clinical features must also 
Present to diagnose aPL syndrome because aPL antibodies 
may not carry a similar clinical significance. An anti- 
ins antibody profile as a biomarker for thrombo- 
; »LE should help predict the risk of thrombosis.°*” 
Potrombin aPL antibodies include anti-phosphatidylserine/ 
‘taype eed (aPS/PT), domain I specific aB2GPI, IgA 
Rake of anti I, anti-annexin V, and anti-protein S/protein C.% 
Phosphor: t-Phosphatidylserine/prothrombin antibodies in anti- 
ie rome is still a matter of debate.” 
eat ang aauttion-associated aPL antibodies are usually 
“Most api. Tarely associated with thrombotic complica- 
antibodies detected in children are of this type. 
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eclampsia, or severe placental insufficiency 
plained consecutive fetal loss events before10 weeks EGA. . ache 


ve gand/or gM aCL antibody greater than the 99th percentile for the assay (ELISA or automated systems) for the reference population per 


. tile PL -positive patients are at high risk of thrombosis or aPL-related pregnancy morbidity 


estimated tional age; aCL = anticardiolipin; LA = lupus anticoagulant; B,GPl = B,-glycoprotein 1; aPL = antiphospholipid; ISTH = International Society on Thrombosis 
occur 
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y for the reference population per ISTH SSC guidelines. 


pater ofthe tests must be positive on two or more separate occasions at least 12 weeks apart 
on 


Mechanism of Thrombosis 

Thrombosis remains the major cause of death in systemic 
lupus erythematosus (SLE). Antiphospholipid antibodies 
(aPL) are the main triggers of thrombophilia in patients with 
SLE, with a frequency of approximately 30% to 40%.°* Lupus 
anticoagulant, anticardiolipin, and anti-B2-glycoprotein | 
(B2GPI) antibodies are included in the criteria for anti- 
phospholipid syndrome.® The mechanism of thrombosis in 
lupus anticoagulant/antiphospholipid syndrome is not entirely 
clear.” It is likely that multiple disturbances of hemostatic 
mechanisms are required to result in thrombophilia.” One 
could assume that, if they were part of the etiology, they 
would affect phospholipid-dependent reactions in vivo and in 
vitro. In vitro evidence of such effects has been investigated 
and include inhibition of activated protein C, inhibition of 
AT-dependent anticoagulant mechanisms, inhibition of fibri- 
nolysis, induction of increased soluble tissue factor, inhibition 
of prostacyclin secretion, promotion of platelet activation, 
interference with the anticoagulant properties of B2GPI, and 
displacement of annexin V from trophoblast.’"” Annexin V is 
a protein that has potent anticoagulant properties in vivo and 
that may modulate thrombosis on the surfaces of cells lining 
placental and systemic vasculatures.” Interference with the 
function of annexin V may play a role in aPL syndrome in 
which there is recurrent pregnancy loss.’*"* 


Laboratory's Contribution to Diagnosis 

Overall, the presence of LA is a better predictor of thrombosis 
and pregnancy loss than the presence of high-titer anticardi- 
olipin antibodies.””* However, some patients with aPL syn- 
drome do not have both LA and aCL antibodies. In addition, 
patients who are triple-positive for aPL (i.e., LA-positive and 
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IgM and/or IgG aCL antibodies, andIgM and/or IgG B2GP1 
antibodies) are at much higher risk for thrombotic events, as 
well as pregnancy morbidity.“”* Therefore, the laboratory 
diagnosis of aPL syndrome should include both coagulation 
assays for LA and immunological assays for aPL antibodies. 
Some authors have suggested that a broad panel of aPL anti- 
bodies should be included when investigating aPL syndrome 
as a possible cause for recurrent fetal loss.”'"74 

The following discussion focuses on the hematology labo- 
ratory’s role in working up a suspected case of aPL syndrome: 
evaluation of LA. There is no single test to detect lupus anti- 
coagulant, but screening tests, mixing tests, and confirmatory 
tests are usually performed.” 

As in most diagnostic algorithms, initial assays with 
broad sensitivity are performed and, if positive, are followed 
by confirmatory assays that are more specific (Table 29-8). 
Several guidelines have been proposed for the diagnosis of LA 
by the International Society of Thrombosis and Haemostasis 
(ISTH),” the British Committee for Standards in Haematol- 
ogy (BCSH),” and the Clinical and Laboratory Standards 
Institute (CLSI),”"*”’ for which the basic requirements/ 
principles are summarized as follows: 


¢ Prolongation of at least one phospholipid-dependent 
clotting assay. Because of the heterogeneity of these 
antibodies, no single screening test will detect all of them. 
A minimum of two “screening” assays should be avail- 
able in a laboratory offering LA testing. The first analysis 
considered should be dRVVT (dilute Russell’s viper 
venom time) and the APTT-based LA-sensitive assay 
(PTT-LA).”5°7 


TABLE 29-8 Screening and Confirmatory Assays That 
Can Be Used in LA Testing 
If This Screening Assay Is Positive, 
This Assay Is Recommended ... 
Dilute Russell's viper venom test 
(dRVVT) 


APTT-based LA-sensitive assay 
(PTT-LA) 


One of These Techniques Should 
Be Used as a Confirmatory Test 


dRVVT confirm 


Hexagonal phase phospho- 
lipid test (e.g., Staclot LA) 


Platelet neutralization 
procedure 


Phospholipid dilutions 


Other options/historical testing 


Platelet neutralization 
procedure 


Taipan snake venom time 


Dilute prothrombin time (throm- — Phospholipid dilutions of 
boplastin inhibition test) same 


Kaolin clotting time 


Platelet vesicles 


Screening assays detect a prolonged clotting time. The screen procedure is suggestive 
of LA whenever the results are prolonged beyond the cut-off established in the 
laboratory. Confirmatory assays demonstrate whether or not the prolongation is 
decreased by phospholipids capable of neutralizing the LA antibody."7” 


a 


e Evidence of inhibition of clotting is demonstrateg 
ing studies(mandated by the ISTH and BCSH).7526 
involves mixing the patient’s plasma and pooled 
plasma and repeating the phospholipid-dep, cident oe 
assay in which the prolongation of clotting time Wy ottng 
observed. If the prolongation disappears (“correctgn 
mixing, this usually indicates that there is a fac : 
ciency. While ISTH and BCSH mandate this, 
not, given the potential for false-negative re 

e Ifthe screening test is prolonged, evidence of phosph, 
lipid dependence is required for confirmation, ¢ ae a 
matory assays demonstrate phospholipid dependen iy 
demonstrating a reversal of the LA effect when excess y 
phospholipid is added to the test mixture. This can be; 
the form of excess phospholipids (dRVV confirm ) ee 
agonal (II) phase phospholipids (aPTT based-confirm), 
and platelets or platelet vesicles (platelet neutralization 
test). The excess phospholipid binds and neutralizes the 
LA, leaving enough phospholipid to provide a Surface on 
which coagulation reactions can proceed, A confirmato; 
assay that corresponds to the initial type of assay (and 
mixing study, if performed) that was positive should be 
used. Solid-phase assays for aPL antibodies, such as the 
aCL assay, should not be considered confirmatory for LA 
activity.’*”° 

e In addition, the absence of clinical or laboratory evidence 
of a specific inhibitor of any one coagulation factor May 
also be necessary, because specific factor inhibitors can 
cause mixing studies to remain uncorrected. The clinical 
presentation is very important and may be informative, 
Patients with factor inhibitors (including those unrelated 
to LA, such as an acquired FVIII inhibitor) have a bleed- 
ing diathesis rather than thrombosis.” 


bY mix. 
is 


i) With 
tor defi. 
CLS] does 
Porting,75n 


These steps can be carried out in various ways, using vari- 
ous discrete assays or by using integrated systems for the diag- 
nosis of LA that incorporate an initial assay (mixing study) 
and a procedure that confirms phospholipid dependence into a 
single kit. Table 29-8 lists screening and confirmatory assays 
that have been used, and an approach to the diagnosis of LAs 
is illustrated in Figure 29-6. 

In addition to the requirements for diagnosis previously 
described, several other elements are crucial to arriving at 
the correct diagnosis in cases suspicious for aPL syndrome, 
including: 


1. Consideration of anticoagulation in the sample needs 
to be determined and may affect the results (i.e., false 
positive results with DOACs).” i 

2. Immunological assays for antiphospholipid antibody 
should also be done, as described in Table 29 “1. 3 

3. Testing should be repeated afer a minimum of 12 weeks 
to demonstrate persistence of the LA. Transient aPL pH 
antibodies do not appear to be associated with the clint 
complications of aPL syndrome. : 

4. Diagnosis of aPL syndrome should only be made ne 
the presence of the appropriate clinical findings * sae | 
5 years of confirmed positive testing results, & desc | 


in Table 29-7. 


PROLONGED APTT 


Non-specific 


(lupus-type) 
anticoagulant | 


No 
Specific 
inhibitor | 


Inthe hematology laboratory, detection of LA usually 
Eagee anelevated APTT. This figure is a flowchart that illustrates 
aia tothe diagnosis of LA. The shaded boxes show the typical 
Cuan that can be seen when LA is present in the sample. 
of John D. Olson, MD, PhD; Department of Pathology, 
University of Texas Health Science Center, San Antonio, TX.) 


Inrare cases, catastrophic aPL syndrome (CAPS) 
may develop, requiring correlation with additional/ 
alternative clinical criteria.” 


Algorithmic Approach to Diagnos'« 

in the hematology laboratory, detection of aPL antibodies usu- 
allybegins with the APTT.” In this discussion, we trace the lab- 
orlory diagnosis of LA as depicted in Figure 29-7. Many but 
notall patients with a LA will have a prolonged APTT. Some 
APTT assays are more sensitive (usually due to lower concen- 
trations of phospholipid in the reagent set) to LA than others and 
may vary in their value as initial tests.~”’ Remember that pro- 
longation of the APTT also occurs with heparin therapy, hepa- 
tn contamination, insufficient volume of blood for the amount 
of anticoagulant in the sample tube (short draw), DIC, factor 
jes, and specific coagulation factor inhibitors.” 


ie INCUBATED MIXING STUDY: 


RE OF THE PATIENT PLASMA WITH POOLED NORMAL PLASMA 


Control specimen: 
Incubate, then mix, 
then test 
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Clinical history elucidates the cause of some prolonged APTTs, 
and depending on the clinical situation, other assays such as the 
thrombin time and fibrinogen level may be employed to iden- 
tify heparin contamination or DIC.” If the prolonged APTT ts 
unexpected or not explained by the causes mentioned earlier, 
the laboratory investigation for LA is warranted, especially in 4 
patient with a history of thrombosis or other findings indicating 
aPL syndrome. 


Sree rryrecnerramencteneeeeeerteneienecatintaeemeniacineneni tO ON 
CRITICAL THINKING QUESTION 
29-3 What would be involved in the LA screen and confirm 
testing of a patient with an acquired FVIII inhibitor? 


Therapy and Monitoring 

Because LA can prolong coagulation tests, it may interfere with 
the usual tests (APTT and sometimes prothrombin time [PT}) 
used to monitor anticoagulation. When the baseline APTT 
is prolonged in a patient with LA, then a heparin (anti-Xa) 
assay is recommended to monitor unfractionated heparin ther- 
apy. Warfarin therapy is monitored by the PT assay, with an 
international normalized ratio (INR) of 2 to 3 being a typical 
therapeutic window.*! However, this is a complex issue for 
two reasons: (1) there is controversy regarding the optimal 
degree of anticoagulation and (2) some thromboplastins are 
more sensitive to the effects of LAs than others. Monitoring 
therapy with a PT using one of these thromboplastins can be 
misleading even if the baseline INR of the patient with LA is 
within the reference range. During anticoagulation, the INR 
may be prolonged by the LA and appear to be within ther- 
apeutic range, although the patient is actually insufficiently 
anticoagulated. 

The effect of LA on the PT is not predictable, creating 
problems when determining the appropriate INR to use 
for oral anticoagulation. Because of the variable effect, 
it would be prudent to determine the therapeutic INR for 
each patient with LA who receives oral anticoagulant ther- 
apy. The goal of therapy is to reduce the functional level of 
vitamin K—dependent factors in the plasma; therefore, an 
assay of one of the factors to confirm the therapeutic effect 


FIGURE 29-7 Incubated mixing study can be 
performed as shown in this figure. For details, 
refer to the accompanying text. (Courtesy 

of John D. Olson, MD, PhD; Department of 
Pathology, University of Texas Health Science 
Center, San Antonio, TX.) 
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should be done after the patient is receiving a stable dose of 
anticoagulant. The assay of FX is the most frequently used, 
with a target of 20% to 25% activity.” The LA can also 
affect clot-based assays, so the assay for FX needs to be an 
assay that uses a chromogenic substrate in a reaction that is 
not phospholipid-dependent. Once the FX is confirmed to 
be in the therapeutic interval, the corresponding INR can be 
used for monitoring, if the INR is in a sensitive range (iLe., 
less than 6.0).” For the rare patient whose LA has a pro- 
found effect on the INR, precluding its use, periodic assay 
of FX may be necessary. 


Heparin-Induced Thrombocytopenia 
Heparin-induced thrombocytopenia (HIT) is another 
antibody-mediated cause of venous and arterial thrombo- 
sis and is a life-threatening disorder that follows exposure 
to unfractionated heparin (less commonly to low molec- 
ular weight heparin).*! Studies have shown that between 
1% and $% of hospital patients exposed to heparin for 
1 to 2 weeks develop HIT.© Of patients diagnosed with HIT, 
approximately one-third will develop overt thrombosis, and 
of these, about one-third will suffer amputation or death.° 
Early recognition and appropriate treatment may reduce 
these numbers.*!***5 

Heparin is a widely used anticoagulant that can be admin- 
istered intravenously (IV) or subcutaneously (SC) to prevent 
thrombosis in high-risk patients and to limit progression 
of established thrombosis. It is also used as a flush to keep 
TV lines open. Heparin is often used to prevent clotting in 
extra oreal circulation such as that in heart-lung bypass 
i d or even present as the anticoag- 

system. 

unexplained decrease in platelet 
after the initiation of heparin 
it with an immune response 
a unless the patient has been 


corpori 


literature regarding this syn- 
er the years, various names 
ome, such as heparin-induced 
hrombosis syndrome (HITTS) 
is have been used to distinguish 
mild, non—-immune-mediated 
ay occur within the first few days 
® This nonimmune (also called 
lia resolves spontaneously and 


after stopping heparin.* The 
related to high titer antibodies 
t and heparin-independent 
eparin-bound PF4) platelet 

is chapter, when the term HIT 
nune-mediated disorder in which 


vit th simultaneous thrombocytope- 
stimes with thrombosis preceding 


thrombocytopenia, the first manifestation of 
t of 300% 2 Usuay 


unexplained decrease in platelet coun 
less than 100 X 10°/L, occurring 5 or More dev” 30% Yay 
8 days) after the initiation of heparin thera, YS (usuatyy ¢ 
count rarely decreases to 15 X 10°/L or ante “The playa” 

HIT can cause both venous and arterial “ee 
venous thrombosis occurs about four times = xis, 
PE, lower limb arterial thrombosis, anq shes Often, yy, 2 
thromboses may occur.” Other sequelae to 7 Arter 
Thromboses may be multiple. The oocuiienas So 
arterial thromboses is sometimes referred to z of Muhtipj. 
syndrome,” because the thrombi formed jn Bish g White elo, 
have a high platelet and fibrin content and rad OW Vessel, 
blood cells.” Wely few 

Accurate diagnosis of HIT requires a hj 
picion on the part of the physician c 
exposed patient. Recommendations 
counts vary, but it is prudent to check 
at the initiation of heparin therapy and to repeat platelet 
at intervals of several days. Because of the timing of the ite 
of HIT, particular vigilance around day 4 after initiation 
heparin (day 0 being the first day of heparin administra of 
and for 10 days thereafter is particularly crucial. Patients a 
have had previous exposure to heparin may have an rae 
response and develop HIT rapidly after repeat heparin aes 
sure. Many other causes for a decreased platelet count should 
be considered before rendering a diagnosis of HIT. Among 
these are fever, DIC, splenomegaly, and medications (other 
than heparin). Of note, in spite of the thrombocytopenia, HIT 
patients rarely have a bleeding diathesis 

Although several clinical probability scores have been 
studied, the most commonly used and recommended is the 
“4T score.”** This clinical score has such a high negative pre- 
dictive value that many organizations do not recommend tes- 
ing with a low 4T score (0-3) to further exclude HIT.** 

If suspicion of HIT is high (4T score of 4 or higher), all 
sources of heparin exposure should be discontinued imme 
diately.**8 Continued heparin exposure greatly increases the 
risk of thrombosis and LMWH should not be administered, 
as there is a cross-reactivity rate of 93%.** Assays are avail 
able to assist in the diagnosis of HIT, but discontinuation ¢ 
heparin should not wait for these results. Alternative ante 
agulant therapy—direct thrombin inhibitors (hirudin ansloss 
argatroban, fondaparinux, or DOACs) should be consider : 
because of the high risk of thrombosis even after nay 
discontinued." Platelet count often rises rapidly abe: ut 
discontinuation of heparin. The return of the platelet ¢0 < 
to normal within 5 to 7 days of discontinuation of eat 
consistent with a diagnosis of HIT, although sarge 
observed to take up to a month to recover complete ae inthe 
most immune reactions, heparin antibodies may = 2 should | 
plasma for extended periods of time. However a - 
occur within 6 weeks of a thrombocytopen'¢ ¢¥ cc expo 

The risk of HIT appears to be greater im PAU coos | 
to large amounts of heparin, such as when SY ste <ures tO? 
ulation is required. However, patients W ish ge v le 
small amounts of heparin, such as that used joped HIT” 
from clotting when not in use, have also deve 
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ism complexes with PF4, it forms the antigen usu- 
inca BPE ie for initiating HIT (Fig. 29--8).*° PF4 is present 
es of platelets and is released when heparin or 
mig activate them. Antibodies to these heparin-PF4 
ists jexes form in almost all HIT patients." IgM, 
uP? comp! ific for H-PF4 antigen have all been detected, 
js most common ae ead oop When 
a immune complex is bound by platelet 
a nears subtype of receptor found on platelets that 
t portion of immunoglobulin molecules), two 
pinds the happen. First, splenic macrophages may remove the 
qa are now coated with Ig attached to the platelet 
platelets, - second, the attachment of the immune complex to 
riot can result in platelet activation. The activated 
release substances that attract and activate more plate- 
Levels of thrombin increase, which along with platelet- 
Feed microparticles can ultimately result in thrombosis.*” 
The fact that many patients form these antibodies without 
og HIT suggests that other factors are required for 
development of HIT besides H-PF4 antibodies.” One fas- 
cating and controversial possibility is that the His-131 poly- 
‘<m in the gene for the platelet FeyRIla receptor may 
increase susceptibility to HIT."** 
Unfractionated heparin (UR), the most commonly used 
heparin, is the major medication associated with HIT, 


PF4 Heparin 


Platelet 
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Occurring less often with porcine UH than with bovine 
UH. Low molecular weight heparin can also cause HIT. 
although at a much lower rate than UH, which is part of the 
Teason some institutions have replaced UH with LMWH in 
4s many situations as possible.“ 


Laboratory Diagnosis . 
Two types of assays are commonly used to assist in the diag- 
nosis of HIT, immunological assays and functional assays: 
Types of immunological assays include particle gel immu- 
noassays (e.g., PaGIA), ELISAs, latex-particle-enhanced 
assays, as well as chemiluminescent assay.““*’ These assays 
use the H-PF4 complex as the target antigen to detect HIT- 
type immunoglobulin (Ig) in the patient’s serum. Initially 
these assays were primarily polyspecific in isotype (€.8-» IgG, 
IgA, and IgM antibodies) with a high sensitivity but relatively 
low specificity for pathogenic antibodies. However, current 
guidelines support screening with IgG-specific versus poly- 
specific assays.*%° With the appropriate clinical information, 
these assays have an extremely high negative predictive value. 
However, confirmatory testing is necessary with functional 
assays, as the false-positive rate is still high. 

Functional assays may look for platelet aggregation or may 
be a variation on a platelet aggregation method that detects 
products of the platelet release reaction, such as serotonin or 
adenosine triphosphate (ATP). These assays use the patient's 


Immune Complex 


e e °° e 
Platelet Activation ca —° o “oe " 
Thrombocytopenia a — suicroperticieg 


FIGURE Thrombosis 
dha ganar Physiological mechanism of heparin-induced thrombocytopenia (HIT). Platelet factor 4 (PF4) is a chemokine secreted from the 


Dew antigen Of platelets, released as tetramers. They bind to heparin and other proteoglycans and inactivate them. The binding of heparin to PF4 exposes 
hh sites and hence the formation of new (IgG) antibodies, Platelet FC receptors bind the antibody-heparin-PF4, which contribute to thrombosis. 
formation, This Occurs by two mechanisms: removal of platelets with bound IgG by splenic macrophages and platelet consumption caused by thrornbus 
Scicchitano p figure was created using the website https://app.biorender.com (accessed on 12 July 2021), Adapted from Acanfora D, Acanfora C, Ciccone M, 
2d Clinical one A, Uguccioni M, et al, The Cross-Talk between Thrombosis and Inflammatory Storm in Acute and Long-COVID-19: Therapeutic Targets 
NiblcLicense SES. Viruses, 2021;13(1904):1-14. Reproduced with permission under the guidelines of the Creative Commons Attribution 4.0 International 
(Public License) via https://creativecommons.org/licenses/by/4.0/. 
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serum, heparin, and donor platelets. Either bovine or por- 
cine heparin may be used in the assays. There is no need for 
the laboratory to determine whether the patient has received 
bovine or porcine heparin. It is important to use platelets 
; from donors whose platelets are known to be reactive to HIT 
sera. It is unknown why some donors’ platelets are reactive 
and others are not. Occasional combinations of known HIT 
sera and known reactive HIT-reactive platelets do not aggre- 
gate. Therefore, it has been suggested that platelets from two 
donors whose platelets are known to react to HIT sera should 
be used. If platelet aggregation occurs or if there is evidence 
of the release reaction only at a low concentration of heparin 
(0.1 U/mL), this is evidence that the patient’s serum contains 
antibodies that activate and aggregate platelets in the presence 
of a therapeutic concentration of heparin.” 
: In any of these functional assays, it is important to use 
appropriate controls to exclude the presence of non-heparin- 
induced aggregation. In addition to using a control that lacks 
4 heparin, the use of a control containing a high concentra- 
j tion of heparin (100 U/mL) is included.” When HIT serum 
] is tested using a high concentration of heparin, aggregation 
should not occur.”' It is reasonable that this might be caused 
by antigen (heparin) excess, but nonspecific inhibition of 
{ platelet aggregation in response to other agonists (collagen, 
adenosine diphosphate [ADP], and epinephrine) has also been 
observed. In any case, aggregation of platelets at both low and 
high concentrations of heparin is considered to be evidence 
that the aggregation is caused by a mechanism other than that 
of HIT.*!? 

One of the functional assays is the serotonin release assay 
(SRA).*'? It is currently the primary comparison procedure 
because most of the available data on clinical outcomes have 
been gathered in studies using this assay. Donor platelets are 
incubated with ['*C]serotonin, to allow its uptake into their 
dense bodies. These platelets are then washed, removing free 
[*C]serotonin that has not become incorporated. They are 
then exposed to the serum of the patient to which is added 
a therapeutic concentration of heparin. If the patient’s serum 
contains H-PF4 antibodies capable of activating platelets, 
then the radioactively labeled serotonin will be released from 
the dense granules. The test specimen is then centrifuged 
and the supernatant tested for '4C activity. This assay has 
high sensitivity (88% to 100%) and high specificity (89% to 
100%).°'? However, it is time-consuming and requires the 
use of radioisotopes, limiting its availability primarily to ref- 
erence laboratories. 

Flow cytometric methods for diagnosing HIT have also 
been developed. They employ fluorescent antibodies against 
platelet glycoproteins and forward angle light scatter (indicat- 
ing cell size) to detect platelet microparticles. These micro- 
particles are generated when donor platelets are exposed 
to patient sera, causing platelet aggregation in the presence 
of therapeutic concentrations of heparin. These methods 
seem promising in their ease of performance and have been 

‘observed to correlate well with the SRA. 

The clinical diagnosis of HIT often remains unconfirmed by 
any of these laboratory techniques. Sensitivities and specific- 
ies reported for these assays vary but overall are suboptimal. 
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No single technique is reliable enough to be conside 
standard for the diagnosis of HIT.” Sensitivity hae a golg 
ity can be improved by using more than one methoa tific | 
test for heparin-associated antibodies. In cases nf | 

HIT, repetition of the assays every few days may 
firmation. Patients must be removed from hepa 
4 hours before a sample is collected. The presen 
in the sample may cause a false-negative result, 
functional assays.” Clinical decision-making sho 
predominantly on clinical impression, Howeve 
evidence of HIT is often helpful in supporting th 
discontinue heparin and use an alternative antico 
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Therapy and Monitoring 
The effective management of patients with HIT js to 
thrombosis by limiting platelet activation and throm 
eration.® Stopping all heparin exposure is the mos 
tant step in preventing or limiting thrombosis in patients With 
HIT.’’ However, even after cessation of heparin, the patient 
still has a risk of approximately one in three for developin 
thrombosis. LMWH is also not recommended for the treat. 
ment of HIT.*’ Although it is less likely to induce HIT once a 
patient has a heparin-induced antibody, exposure to LMWH 
carries a risk of thrombosis because of high CTOSS-Teactivity 
with PF4-heparin antibodies.” However, fondaparinux, has 
only been associated with rare case reports of HIT. Clinica] 
correlation is necessary at this point. If a diagnosis of HIT 
is made without known thrombosis, a venous Doppler of all 
four extremities to evaluate for subclinical thrombosis is ree- 
ommended.*’ HIT is considered a provoked thrombotic event 
with the duration of anticoagulation based on the presence 
or absence of thrombosis. Patients with HIT and thrombosis 
should receive at least 3 months of anticoagulation from the 
time the platelet count normalizes.*’ Patients with HIT with- 
out thrombosis should still be anticoagulated prophylactically, 
but for a shorter period of time, usually 4 to 6 weeks. 
Anticoagulation in HIT patients is coniplex with lack of 
significant data of efficacy in many cases, but definitively 
exclude unfractionated heparin and LMWH and include 
non-heparin anticoagulants (such as argatroban, bivalirudin, 
danaparoid, fondaparinux, direct oral anticoagulants).”° Cur- 
rently approved agents are all continuous infusions, requiring 
hospitalization for monitoring (e.g., argatroban). However, 
several newer anticoagulants, including fondaparinux, have 
been employed with great success,” It is unlikely for 
large clinical trials of alternative anticoagulation (including 
DOACS) of HIT to be successful in recruitment and accrual, 
given the rarity of this disorder, suggesting off-label use of 
these anticoagulants will be continuing and expanding.” 
Importantly, due to the risk of venous limb gangrene 
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(distal ischemic necrosis that is present despite palpable or 
Doppler-identifiable arterial pulses), the oral anticoagulant 
warfarin sodium should not be used in a patient with HIT 
unless the patient is also adequately anticoagulated by another 
non-heparin anticoagulant for the first few days. 
warfarin-induced reduction of functioning PC in th 
of increased thrombin generation seen in HIT puts 
at very high risk for this and other thrombotic comp 


e presence 

the patient 
. ~ 8 

Jications- 


% The early - 


———— 


CHAPTER 29 


“i uired Conditions Associated 
thet A yombosis 
with ed conditions associated with thrombosis include: 
wet and the use of oral contraceptives 

ic syndrome 
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’ 7 tion US! 3 
i wredic# and other conditions 
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ceneetaums 


sis With Pregnancy and Use of Oral 


es 
fontracePn increased risk of thromboembolism during 


rere is@ 5.97 Thrombosis during pregnancy is attributable to 


ng conditions:”*”” 

follo stasis in the lower extremities, caused by the 
’ yee nerus™ —~ ; : 

gv" sto pelvic veins during delivery 
cain js rich in tissue factor and also releases plas- 
, The P activator-2, which reduces fibrinolytic activity 
E sed levels of most coagulation proteins (fibrinogen 
ooepe increased tO 600 mg/dL) 

can «ficant decline in plasma levels of free and total PS 
 Asigal D-dimer levels during the third trimester 
» Elevated 


’ Although PC and AT levels remain normal during preg- 
both are decreased in preeclampsia. 
The risk of venous or arterial thrombosis secondary to oral 
ives is related to estrogen dose. Most oral contra- 
ives prescribed in the United States contain low-dose 
estrogen. However, even the use of low-dose estrogen con- 
ives confers a four-fold increased risk of thrombosis 
compared with nonusers. The risk may become significant if 
thewoman also has an inherited risk factor for thrombophilia. 
The exact mechanism of the prothrombotic state is not well 
understood, but it is thought that these medications may cause 
an acquired APC-R-like state.” 


Thrombosis and Nephrotic Syndrome 
Nephrotic syndrome is characterized by heavy proteinuria 
(more than 3.5 g/day), hypoalbuminemia, severe edema, and 
hyperlipidemia, and thrombosis of both venous and arterial 
systems may be seen.'® The renal vein is the most common 
Site involved and is present in approximately one-third of 
Patients." The incidence of thrombosis varies and correlates 
with the severity of the disease. Depending on the complex 
interaction between hepatic protein biosynthesis and the 
Stverity of renal disease, the following changes of coagula- 
ton parameters can be seen: AT levels are often decreased; PC 
ind are increased; and factors V, VII, VIIJ, X, and XIII are 
ieteased, whereas factors XI and XII are decreased. In addi- 
Platelet hyperactivity can also be seen in these patients. 


‘Gicer-Associated Thrombosis (CAT) 


Patents with cancer are at high risk of both arterial and venous 
The ec tS COmpared with the general population." 
(TE) _ incident rate of venous thromboembolism 
“And the j Patients with cancer is approximately 4% to 20% 
2 Meident rate of arterial thromboembolism is estimated 
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0 be 2% to 5%." Risk factors that lead to CAT include can- 
Cer type, chemotherapy, radiotherapy, hormonal therapy. anti- 
angiogenesis therapy, surgery, or supportive therapy with 
hematopoietic growth factors.'*" 

The increased risk of thrombotic events is attributed to the 
site and stage of cancer." The risk of thrombosis is enhanced 
in several treatment-related factors: hospitalization, surgery: 
central venous catheters, radiation, and anticancer agents.'” 

Greater than 100 chemotherapy and targeted therapy drugs 
have been approved for the treatment of a variety of cancers. 
Cancer or malignancy induces a thrombophilic state by increas- 
ing the risk of venous stasis. In addition, a hypercoagulable 
state is caused by an imbalance of pro- and anti-thrombotic 
factors and endothelial injury.” “Anticancer agents may dam- 
age the endothelium, decrease anticoagulants, or increase Pro- 
coagulants leading to activation of coagulation or platelets.”'™ 
“Myocardial infarctions and cerebrovascular accidents (CVAs) 
account for the highest proportion of thrombosis-associated 
deaths in the United States.”!™ 

Myeloproliferative disorders predispose patients to venous 
or arterial thrombosis, especially when the platelet count and 
hematocrit are not controlled by therapy.'® Increased blood 
viscosity and activation of platelets may be the cause for 
thrombosis." In patients with paroxysmal nocturnal hemo- 
globinuria (PNH), there is a predilection for thrombosis in 
intra-abdominal and cerebral vessels.! A diagnosis of PNH 
should be suspected in patients with pancytopenia, elevated 
reticulocyte count, low iron studies, and a negative family his- 
tory of thrombosis.'” 

The following cancers are associated with a high risk of 
thrombosis: lung, esophagus, stomach, bowel, pancreas, 
brain, and hematological malignancies." 


Diagnostic Approach and Issues 
in Laboratory Testing 


The purpose of detecting hypercoagulable states is to predict and 
prevent thromboembolic disease and its complications, identify 
risk factors, modify treatment regimens, and discover underly- 
ing diseases that might be amenable to treatment'!’ (Boxes 29-1 
to 29-5). The diagnostic evaluation of patients with throm- 
botic diathesis initially involves consideration of two factors: 
(1) whether the disorder is inherited or acquired and (2) whether 
the thrombosis involves primarily the veins or arteries’? (see 
Table 29-9). For example, a 35-year-old person with recurrent 
DVT is most likely to have an inherited defect of one or more 
of the anticoagulant proteins.''? On the other hand, the hyperco- 
agulable state in a 70-year-old bedridden person is most likely 
to be acquired. Therefore, knowledge of the coagulant, antico~ 
agulant, and fibrinolytic systems; complete history and physical 
examination; and ethnic background (factor V Leiden is very rare 
in African Americans and Asians) are necessary.'"’ The basic, but 
very important, step that needs to be considered before ordering 
assays for inherited disorders is identification of the risk factors.''* 
Specific laboratory tests of interest in patients with 
thrombophilia have been addressed in other sections of this 
chapter. There are, however, some issues that deserve con- 
sideration when approaching the laboratory evaluation of a 
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BOX 29-1 Differential Diagnosis of Hypercoagulable 


States 


Hereditary Conditions 

* Factor V Leiden mutation 

* Prothrombin gene mutation 
AT deficiency 

« Protein C deficiency 

* Protein S deficiency 

+ Heparin cofactor Il deficiency 
* TFPI deficiency 

* Elevated lipoprotein a 

* Homocysteinemia 

* Factor XIl deficiency 

* Elevated factor Vill levels 
Plasminogen deficiency 
Increased plasminogen activator inhibitor 


Acquired Conditions 

* Antiphospholipid antibodies 

+ Heparin-induced thrombocytopenia 

* Malignancy 

+ Autoimmune disorders 

Nephrotic syndrome 

Myeloproliferative disorders/PNH 

* Behcet's syndrome 

+ Microangiopathic hemolytic anemia (DIC, TTP, HUS) 


Note:The list is not exhaustive; other, rare causes of thrombophilia are 
not included. 


)X 29-2 Risk Factors for Venous Thromboembolism 


+ Pregnancy 

Oral contraceptives 

* Obesity 

* Surgery 

+ Trauma 

* General anesthesia 

« Malignancy 

* immobility 

* Varicose veins 

+ Infection 

* Congestive heart failure 

+ Advancing age 

Infusion of prothrombin complex concentrates 
Diabetes mellitus and hyperlipidemia 
Treatment related: 

* v-Asparaginase 

¢ Mitomycin 
i 


patient who has suffered from thrombosis. They are summa- 
rized in Box 29-6 and addressed briefly later. 


Complete History and Physical Examination 

A complete personal, family, and drug history is extremely 
important in evaluating patients with acute, recurrent, or remote 
thrombosis.'!* The patient should be carefully questioned about 


29-3 Evaluation of a Patient With Suspecteg 
Thrombophilia (Hereditary/Acquired) 


1, Age at onset 

2. Any underlying associated risk factors 

3. Number of events (initial or recurrent) 

4, Site of thrombosis 

5. Any documented evidence of pulmonary embolism or ivy 

6. Whether recurrent thromboembolism occurred despite they! 
apeutic anticoagulation 

7. Any history of recurrent fetal loss, MI, or stroke 

8. Any medications that can lead to thrombosis (oral co ntracep. 
tives, chemotherapy) 

9. Family history of venous thromboembolism 


a OT TST 


Suggested Evaluation Criteria for Inherited 


Thrombophilia 


1. Thrombosis at any age especially in younger patients* 

2. Recurrent thrombosis 

3. Significant family history of thrombosis 

4, Thrombosis at unusual sites (other than deep veins of legs) 


*Studies have demonstrated that the yield in detecting inherited risk 

factors for thrombophilia in the aged occurs at the same rate and would 

have the same value in guiding clinical management. 
——eeeEeEeEeEeeyyeEEEEEyEeEEEEEEEE———————— 
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-5 Testing for Inherited Thromb op 


Plasma Coagulation Screening 

+ PT 

+ APTT 

* Thrombin and reptilase times 


Anticoagulant System 

* APC resistance assay (APTT-based assay) 
+ Protein C (functional and antigenic) 

* Protein S (functional and antigenic) 

+ AT (functional and antigenic) 


Fibrinolytic System 

+ Fibrinogen (functional and antigenic) 
* Factor Xil activity 

* Plasminogen (functional) 


Genetic Tests 

* Factor V Leiden R506Q variant in the factor V gene 
* Prothrombin gene mutation (nucleotide G20210A) 
+ MTHFR gene mutation 


Additional Tests 

+ Homocysteine level 
* Lipoprotein a level 
* Factor Vill activity 


9 Coagulation Defects and Sites 
29 


who smoke and take oral contraceptives have an increased risk of 
Coal faction. 
ee eased risk of stroke has been reported. 


Issues in Laboratory Testing in Patients 


with Thrombosis 


. Ensure a complete history and physical examination are 


obtained. ; 

+ Careful selection of tests during the acute event. 

. Consider conditions that can interfere with test results. 

+ Testin the appropriate clinical setting. 

“+ Use functional assays when possible 

 inarterial thrombosis, consider the additional evaluation of 
t hyperhomocysteinemia and lipoprotein a 

= Repeat testing before diagnosis. 
"+ Ensure that the yield in performing testing is high, making 
evaluation worthwhile. 


al the possible risk factors for thromboxis. A significant fam- 
ily history of thrombosis strongly suggests the possibility of 
ihented thrombophilia. If the patient is female, history of oral 
Contraceptive use and obstetric history is important. Presence 
of constitutional symptoms, hemoptysis, melena, or hematu- 
M may “8 underlying occult malignancy.''* Recurrent 
a s despite anticoagulation therapy may suggest under- 
tying malignancy, Atherosclerotic vascular disease and renal 
ee Opin syndrome) can lead to arterial or venous 
ism.15 
aicic background is also important in evaluating patients 
gage thrombophilia, as certain diseases are more 
ating Populations, which may direct additional and/ 
directed 5 ling. Physical examination should be specifically 
€xamining vascular system, skin, extremities, 
bean, chest, and 2 system, A } 
abdomen, !'* 


Given Ey in the Diagnosis of Thromboembolism 
Renton symptoms associated with vascular 
Potentially “te 4 common clinical question is whether a 


€¢rous clot is present. The risk of fatality or 
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morbidity requires the use of anticoagulation if an aberrant 
hypercoagulable state is present, and these medications are 
Not without risk and indeed can have a great effect on lifestyle 
(such as with contact sport athletes). Establishing a diagnosis 
Of venous thromboembolism is well studied and is typically 
assessed using a combination of clinical history and symp- 
toms along with clinical testing and various vascular analysis 
techniques.!!¢ 

D-Dimers are the specific cross-linked fibrin break- 
down products formed in the dissolution phase of clot for- 
mation, and therefore elevated levels are almost always seen 
in patients with VTE." A negative D-dimer test result has 
a negative predictive value of approximately 90%, which is 
useful to exclude VTE.!!® However, the power of the negative 
predictive value is reduced in patients with a high prevalence 
of VTE (such as in malignancy or ICU patients).''® In these 
patient populations, a high index of suspicion warrants fur- 
ther investigation. The addition of the more specific imped- 
ance plethysmography or venous compression ultrasound 
yields a more accurate diagnosis. On the other hand, elevated 
D-dimer levels are insufficient to establish the diagnosis of 
VTE, as elevated levels can be seen in hospitalized patients, 
infection, inflammation, surgery, pregnancy, as well as other 
conditions," 

A confusing aspect of the D-dimer assay is the use of 
many different concentration units in which the result is 
reported, which makes interlaboratory comparisons difficult. 
D-dimers are reported as either fibrinogen equivalent units 
(FEU) or D-dimer units (DDU) in ng/mL, mg/L, g/mL, or 
g/L.'® Numerous assays now provide cut-offs for the exclu- 
sion of VTE, but the ideal approach would be that every hos- 
pital and lab should establish their own cut-off yalues to rule 
out VTE.''’ Because the threshold values used in the literature 
may differ depending on the methodology and reporting units 
used, the units can be converted based on the manufacture’s 
recommendation.'® The following points regarding D-dimer 
are important to understand in the initial diagnosis of a throm- 
boembolic episode: 


1. D-dimer testing can be a sensitive test to screen for 
thromboembolic disease, but is very nonspecific, so 
a negative test is much more helpful than a positive 
result.!!” 

2. ELISA testing methods have the best sensitivities (95%), 
with a negative predictive value of 90%. 

3. In patient populations where the likelihood of thrombo- 
embolism is high, D-dimer alone may not be sufficient to 
exclude a clotting episode.'!!"!” 


Testing During the Acute Event 


Thrombotic events, whether on the arterial or venous side of 


the circulation, are capable of consuming naturally occurring 
coagulation inhibitors (PC, PS, AT) that are of interest for 
testing, In addition, a number of these components are either 
positive or negative acute phase reactants. Anticoagulant ther- 
apy also affects these concentrations variably. For these rea- 
sons, testing during the acute event and during anticoagulant 
therapy will produce both false-positive and false-negative 
results.'"” 
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Conditions That Can Interfere With Test Results 
Several physiological and pathological states, as well as med- 
ications, can affect plasma levels of PC, PS, and AT. One 
of the most common problems is the interpretation of these 
assays under inappropriate conditions. Levels of PC, PS. and 
AT are physiologically low in newborns, during pregnancy 
(PC may be high), and in the early states. Patho- 
logical decreases im levels of PC, PS, and AT can be seen in 
post-thrombotic states, the postoperative states, severe liver 
disease, and DIC. In nephrotic syndrome, PS and AT levels 
are decreased while PC levels may be increased.'"” 

PC and PS are vitamm K-dependent proteins, and both 
functional and antigenic levels will be reduced during oral 
anticoagulation therapy. Warfarin has on rare occasion ele- 
vated AT levels in patients with a hereditary defect of this 
coagulation inhibitor. Heparin therapy may falsely lower AT 
activity. Heparin therapy will not affect plasma levels of PC 
and PS but will interfere with APTT-based activity assays. For 
these reasons, it is a good practice to test for these deficiency 
States at least 2 weeks after completing the initial 3- to 6-month 
course of oral anticoagulant therapy (PC and PS assays can 
be performed as the patient is anticoagulated with heparin).'* 
Deficiency states for PC, PS, and AT may be excluded if the 
levels for these proteins are normal during the acute throm- 
botic episode. But finding a low level of these proteins during 
this period requires confirmation by repeat testing after anti- 
coagulation is discontinued and sufficient time has elapsed for 
natural concentrations of factors to equilibrate (approximately 
2 to 4 weeks). Investigation of first-degree relatives can be 
useful to document the inherited nature of a deficiency."® 

Because most patients hospitalized for thrombosis are in 
therapy or have illnesses that may interfere with testing, the 


gene mutation, and M7HFR mutation, are not affected by 
physiological or pathological states and anticoagulation 
therapy. Therefore, though not typically recommended, the 
genetic tests can be performed in these settings. 

Testing in the Appropriate Clinical Setting 

The development of a thrombus, regardless of the clinical set- 
ting, generally involves the accumulation of more than one 
inherited or acquired risk factor.''*'”° Venous thrombosis in 
almost any clinical setting merits a comprehensive evalua- 
tion. For some time, it was thought that evaluation for inher- 
ited thrombophilia should be limited to the “young” patient 
with thrombosis. Studies have demonstrated that the yield in 
detecting inherited risk factors for thrombophilia in the aged 
occurs at the same rate and would have the same value in 
guiding clinical management.'” 

Functional Assays 

Many of the molecules of interest in thrombophilia can be 
assayed using functional or antigenic assays. Whenever 
quality functional assays are available, they should be the 
assays performed. In general, if the assay is within the 


SS 


reference range, further testing is not indicateq | 
if the functional assay is below the reference 
ation by antigenic assay is needed to determi. © Th, 
normal amount of abnormally functioning molecu, : 
produced. Sha, 
Testing Considerations 
The usefulness of testing for thrombophilia in 
arterial disease, particularly MI and stroke. cons. wig, 
be discussed in the literature. A consensus has nop © 
regarding the usefulness of laboratory testing in thes. "™ 
Risks in relation to hyperhomocysteinemia and L pa j., 
well demonstrated. LA and HIT can cause either, 
arterial thrombosis. The absence of exposure io 1" 
related compounds eliminates the need to consider Hr a or 
Virtually all of the assays involved in the evalu 
thrombophilia are influenced by a variety of factors ig 2 ™ 


These assays are not indicated as a routine 
evaluation if the aim is to detect the risk of thrombosis in ue 
absence of a known personal or family history of thrombosis 
Also, there is no valid indication for these tests in an ¢ 
patient who has a risk factor for venous thromboembolism, 
Patients who present with thrombosis and who are thoroush}, 
evaluated will have more than a 50% probability of having 
a thrombophilic risk factor identified. The usefulness of 
determining thrombophilic risk factors continues to evolve. It 
is very likely that, as clinical studies evolve, treatment a 
egies will also evolve that will be directed by one or more of 
the thrombophilic risk factors.'> 


Anticoagulant Therapy 

Patients with venous thrombosis are treated with therapeutic 
doses of anticoagulation. This is done to prevent propagation 
of the thrombus, to reduce the risk of embolus, and to allow 
for natural resolution. In addition, patients in a clinical sewing 
(Le., perioperative) with a high risk of thrombosis are treated 
with low (prophylactic) doses of anticoagulants to prevent 
thrombus formation.'**'** 


Unfractionated Heparin Therapy 
Heparin is an unbranched polysaccharide that is heavily sul 
fated, making it anionic. Commercial preparations are made 
by extracting these molecules from bovine lungs or pore 
intestines. Therefore, the heparins that are extracted are val 
able in size (4 to 35 KD, averaging 12 to 13 kD)" The natu 
and degree of sulfation and the size of the molecule influenc 
the biological activity. , 
The anticoagulant activity of heparin is to function as a cof 
tor. When heparin is added to purified activated coagulation fac 
tors (in the absence of AT), no anticoagulation occurs. Heps* 
acts by accelerating the rate at which AT is capable of bindins © 
the activated serine protease, irreversibly inhibiting eet 
In the absence of heparin, neutralization of thrombin or A 
will occur in a time frame of approximately 15 minutes 


—__ 


é - the same reaction occurs more rapidly than 


of hepa 
ee0n™ 
tose end Monitoring 
¥ in must be administered parenterally, 
intravenously but it can also be used sub- 
freq 27 Clearance of heparin is primarily cellular 
: * nelial cells) and renal filtration. At usual doses, 
To is by the reticuloendothelial cells and provides 
: peo eife of approximately 60 to 90 minutes.'?” At 
; filtration becomes a factor when the reticu- 
ee gystem is saturated. This might explain the vary- 
endo! of heparin with increasing dose. 
gga lle of in is determined by the weight of the 
© qe d0s* -yen as a bolus dose followed by continuous IV 
_giet ILISEN te length of the half-life of the drug, mon- 
an should not occur until equilibrium is reached at about 
ane ® fter beginning OT changing therapy.’ Once within 
ho ic interval, daily monitoring is sufficient. 
Coe for therapeutic purposes, heparin has a very 
; ‘When therapeutic interval. The goal, of course, is to prevent 
sn << without causing hemorrhage. If the drug is given 
to ate doses and serum concentrations are below effec- 
i the consequences can be thrombosis and embo- 
ing significant morbidity and even mortality. When 
ations are elevated, the anticoagulant properties will 
% e. It is the obligation of the laboratory to 
mn clinicians of the method that the laboratory recom- 
for monitoring heparin and the therapeutic interval. 
in therapy can be monitored by one of two strate- 
The first involves monitoring the effect of heparin 
patient’s coagulation system, most frequently via the 
sPTT. The second is the target concentration strategy in which 
te concentration of heparin in the blood is determined. Both 
‘ofthese strategies have been demonstrated to be effective in 
itoring populations of patients receiving unfractionated 
Unfortunately, when the two are compared directly, 
very poor correlation between the concentration of 
fin and the resulting APTT. There is no dose-response 
onship between the amount of heparin and the APTT. 
The APTT has been used for the monitoring of heparin 
1950s. The general “rule of thumb” is a therapeutic 
of one-and-a-half to two-and-a-half times the upper 
7 of the reference range for the APTT. Problems in the 
itoring of heparin are based on: 


lity of heparin 


pee 
H 


a * ‘ary for each laboratory to determine the respon- 

the instrument/reagent method for the APTT to 
ne each, Patients’ specimens. This process needs to be 
‘hon there is a change in the reagent or instrument 


We the nation of heparin in the blood can be reflected 
throm take advantage of the neutralization of the activ- 
nn or factor Xa.'”” These assays can use either 
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4 clot endpoint or chromogenic substrate with spectrophoto- 
Metric endpoint. The assays provide the enzyme (thrombin or 
activated FX), the inhibitor (AT), and a marker (fibrinogen 
in the plasma or chromogenic substrate). The rate or amount 
of conversion of the substrate is inversely proportional to the 
Concentration of heparin present in the specimen.'”” ; 

All approaches to monitoring heparin therapy have their 
advantages and disadvantages. The dominating m 
being used at the present time are the APTT and the chromo- 
genic assay using the inhibition of factor Xa.” The APTT has 
the advantage of being inexpensive (one-tenth the cost of the 
Xa inhibitory assay), can be rapidly and easily performed by 
many different technologists in the laboratory, is available at 
all hours, and reflects the anticoagulant activity of heparin in 
the patient’s specimen. 

The heparin assay has the advantage of being reproducible 
with more precise therapeutic intervals, making clinical man- 
agement less problematic. Disadvantages include the cost and 
a more technically demanding assay technique than the APTT. 
Some clinicians are also concerned that a target concentration 
approach may not accurately reflect the state of anticoagu- 
lation due to the numerous variables influencing individual 
patient response. 


Low Molecular Weight Heparin 
Low molecular weight heparin (LMWH) is prepared from 
unfractionated heparin by fractionation or depolymerization, 
which produces heparins of a more uniform molecular mass 
(ranging from 1 to 12 kD; averaging 5 kD) and function.’* 
They tend to have a greater effect on the inhibition of factor 
Xa than on other enzymes. A significant advantage of LMWH 
is that it is administered subcutaneously and does not require 
therapeutic monitoring in most patients.'** Dosing is generally 
once or twice daily and can be administered by patients, sim- 
ilar to the way diabetic patients administer their own insulin. 
It appears that LMWH will replace unfractionated hepa- 
rin in many clinical circumstances where heparin is required. 
These products are still not satisfactory for use in extracor- 
poreal circulation (cardiopulmonary bypass or extracorporeal 
membrane oxygenation).'** In addition, despite the fact that 
many patients do not require monitoring, those of unusually 
low or high body weight, patients with renal failure, pediatric 
patients, and patients with other complicating medical condi- 
tions that may influence heparin metabolism require careful 
ongoing evaluation. Monitoring of LMWH requires the tar- 
get concentration strategy because the therapeutic concentra- 
tions do not influence the APTT or other coagulation tests in 
a dose-dependent way.'* These tests may, however, be pro- 
longed during therapy, and this should be noted in testing sit- 
uations before assigning a diagnosis of a hemostatic disorder. 
In monitoring heparin, a natural inhibitor of heparin, called 
PF4, is released from platelets. The presence of platelets in 
the specimen or the activation of platelets during collection 
can thus lead to a false lowering of heparin assayed in the 
specimen.'** Therefore, care should be taken to collect a 
high-quality specimen, and its preparation should include 
ensuring that the specimen has a very low platelet count. In 
addition, if plasma from a heparinized sample sits on cells, the 
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PF4 can neutralize the heparin, resulting in a falsely decreased 
APIIZ= 

Vitamin K Antagonists 

Vitamin K plays a key role in the post-ribosomal modification 
of many of the serine proteases. Vitamin K is a cofactor for a 
carboxylase that inserts an additional carboxyl group on the 
glutamic acid residues in the amino terminal end of coagula- 
tion factors II, VII, IX, and X in addition to PC and PS. This 
process is a kinetic one in which vitamin K is recycled and can 
be reused for the carboxylation of multiple molecules through 
two enzymatic steps. 

Coumadin or warfarin acts by interfering with the recycling 
of vitamin K after it has performed its carboxylation function. 
This makes warfarin interesting in two respects: (1) Warfa- 
rin is not truly an anticoagulant; it leads to the production of 
coagulation factors that have reduced anticoagulant function 
(adding warfarin to a tube of blood does not inhibit coagula- 
tion). (2) Warfarin is a blood thinning medication and func- 
tions to slow down your body’s process of forming clots.!” 

Because warfarin functions by altering the synthesis of 
coagulation factors, the synthetic rate of coagulation factors 
is variable. In most patients, it takes 5 to 7 days of warfarin 
therapy before a stable anticoagulant effect can be achieved.!° 

There is a wide degree of variability in the response of 
thromboplastin reagents and instruments that were used for 
the PT when evaluating patients receiving warfarin therapy. 
It has been possible to overcome some of the difficulties with 
this variability by normalizing the responses of thromboplas- 
tin reagents against an international standard.'*° This process 
is referred to as the international normalized ratio (INR). The 
INR is described by the following formula: 


Ist 
PT 
pat 


INR = 


n 


in which the INR is the international normalized ratio, PT oe 
is the patient’s prothrombin time, PT, is the prothrombin time 
that reflects the geometric mean of the reference range, and 
ISI is the international sensitivity index. The ISI needs to be 
developed for each thromboplastin reagent and instrument 
combination used in performing prothrombin times and cal- 
culation of the INR. Ideal reagents for performing the INR are 
those that have ISIs below 1.7. Some reagents are exquisitely 
sensitive, having an ISI of | or less, leading to other problems 
with accuracy and precision in specimens with high INR. The 
optimal reagent would have an ISI of 1.3 to 1.5.'° 

When monitoring patients who are taking oral anticoagu- 
lant therapy, the INR is maintained between 2 and 3.' The 
exceptions to this therapeutic interval include patients who 
have a complicating lupus anticoagulant in whom a higher 
INR may be indicated and patients who have cardiac valves in 
whom the INR is recommended to be 2.5 to 3.5.'” 

The greatest difficulty in managing oral anticoagulation in 
patients with thrombosis is the large number of medications and 
other factors that can increase or decrease the metabolism of 
warfarin. This includes consumption of foods containing large 
quantities of vitamin K or antibiotics that kill the normal gut 
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flora that produce vitamin K enterically. These ; 


. : ete ntera, 
important considerations for clinicians who are t Ctig 


an 
Feating Patni, 
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_ Warfarin dose-response may be regulated at the f 
tional level. The variants in the gene enco ding viet 
_ epoxide reductase complex 1 (VKORC/) has been pe kK 
that may explain differences in dose requirements ee 
patients of different ethnicities."""' Genetic es, 
phisms (i.e., CYP2C9) have been demonstrated jn Ymor. 
with resistance to warfarin.” Patients 


Direct Oral Anticoagulants (DOACs) 
Most currently used DOACs are factor Xa inh 
DOACs include fondaparinux , edoxaban, Tivaroxaban ‘ 
apixaban.'? DOACs are designed to be given in fixeq oes 
_ without routine monitoring. They have a lower tendency a 
_ vitamin K antagonists for food and drug interactions. = 
benefits of DOACs are their ease of use and superior a 
_ since they have a lower risk of life-threatening bleeding ' 


ibitors. 


f 
> ADVANCED CONTENT 
| These DOACs directly inhibit FXa; Rivaroxaban and 
apixaban are the most commonly employed for stroke pre- 

vention in atrial fibrillation and treatment of VTE.'” Rivar. 
oxaban is primarily cleared by the kidneys while apixaban, 
edoxaban, and betrixaban have both renal and hepatic) 
_ biliary clearance.’ (Please note that betrixaban was dis- 
continued in 2020.) 

Fondaparinux sodium (Arixtra®) is the first synthetic 
_ pentasaccharide and an inhibitor of factor Xa." It is 
approved for the prophylaxis and treatment of deep vein 
thrombosis (DVT) and pulmonary embolism (PE). In terms 
of prevention, it is widely prescribed for venous thrombo- 
embolic events (VTE) in postoperative adults undergoing 
major orthopedic and abdominal surgery.’ Fondaparinux 


sodium is also approved for use in the following conditions: 
individuals at a high risk for VTE who are immobilized due 
to acute illness, acute symptomatic superficial! vein throm- 


bosis of the lower limbs, and acute coronary syndromes.”™ 
While heparins and heparinoids are prepared from animal 
extracts, fondaparinux is synthesized chemically, ensur- 
_ ing no general supply issues and minimal risk of contam- 
_ ination, “Fondaparinux has 100% absolute bioavailability 
subcutaneously, instant onset of action, a long half-life of 
17-21 hours, direct renal excretion, and fewer adverse 
reactions when compared with other direct oral anticoagl- 
lants.”!* For direct Xa inhibitors, anti-Xa assays with a dmug- 
specific calibrator are the most accurate and more widely 
available options (aside from quantitative mass spectto™ 
try)."* Since direct Xa inhibitors will show positive results 
for anti-Xa assays that are not calibrated to the spect! 


eer 
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reening with an anti-Xa heparin calibrated 
sc ble to give qualitative assessment of pres- 

ma PT/INR may also be used if these are 
n g extremely variable in its sensitivity to the 
ing on reagent sets,'*""° 


gatio” ich many reagent sets Bene or enzymatic 
jon. Al + heparin, most commercially available reagents 
ever! ie ade reversal for the effects of DOACS,'97"38 This 
jo not inc false-negative or false-positive results. Adexanet 
Jead to proved as a reversal agent for rivaroxaban and 
Caen an inactive FXa, which is unable to cleave 
inane. However, ae es eee 
2 and hemodialysis may also be considered 
coos wh reversal is indicated.” 
for = ment include the use of tissue factor, fac- 
A es factor VIII as potential targets. 
Se curement may be necessary in certain situ- 
i liance with medication, emergency situa- 
Be eee rocedres, bleeding, thrombosis, changes in 
fons, 1 ic function, extremes of age and/or weight). The 
gold standard method for DOAC measurement is liquid chro- 
aphy-mass spectrometry (LC-MS/MS), but it is time 
ming and requires expensive equipment.’ “The gen- 
eral consensus for the assessment of a DOAC is clotting or 
chromogenic assays using specific standard calibrators and 
trols.” 
Direct Thrombin Inhibitors (DT!s) 
Dabigatran is a DOAC that is a direct thrombin inhibitor and is 
sdministered orally.'? Because some patients cannot tolerate 
heparin, especially those with HIT, additional anticoagulants 
ae curently being used in a limited way. Direct thrombin 
ishibitors (DTIs) inhibit thrombin through the binding of 
the active-binding site of thrombin. They prevent blood clots 
fom forming in the body. Dabigatran and its metabolites are 
competitive, direct thrombin inhibitors, working on both free 
and fibrin-bound thrombin by interaction with the thrombin- 
alive site.” This anticoagulation, taken orally, reaches peak 
levels 1 or2 hours after administration.’ Elimination of the 
~ is primarily renal, leading to the need to moni- 
‘orrenal function upon initiation of therapy, as well as during 
in patients at risk for developing decreased renal func- 
tion (e.g, SLE or renal toxic medications).'*? Eighty percent 
ed dabigatran is eliminated by renal clearance.'” 
a tly, recommendations for assessment of dabigatran 
based t effect include dilute thrombin time or ecarin- 
ag (clot- or chromogenic) assays.'*? TT may be 
Wed if these : genic) assays. y b 
‘Stremely ate unavailable, especially given that the TT is 
‘as an _? to the presence of the drug. Dabigatran 
ver, Beret’ Teversal agent, idarucizuma.'” How- 
"hemodial 12 Complex concentrates, recombinant FVIla, 


wolalysis may ; , are 
Wersal ig pea be considered for patients in whom 
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| Direct thrombin inhibitors administered intravenously 


; 


include hirudins, bivalirudin, argatroban, and G-quadruplex 
DNA aptamers.'* Natural Hirudin, an anticoagulant pro- 
duced in the salivary glands of leeches, is a direct thrombin 
inhibitor that binds irreversibly in a 1:1 stoichiometric rela- 
tionship with high affinity to thrombin.” It has a plasma 
half-life of approximately 1 hour. It has no structural sim- 
ilarity to heparin and does not cross-react with heparin- 
dependent antibodies. Recombinant hirudin (rH) is avail- 
able for treatment of HIT.'*! A cell-free protein synthesis 
approach, which can express rH with higher antithrombin 
activity was reported in 2020. Previous rHs were produced 
by bacterial or yeast expression systems.'*! “Although these 
methods can increase the expression of recombinant hiru- 
din, the thrombin inhibition constant is still lower than that 
of natural hirudin.”!*! 

Hirudin therapy is commonly monitored using the 
APTT, with a target value of 1.5 to 2.0 times the median of 
the normal range.'*! However, variable responses of APTT 
reagents to hirudin can be problematic. Daily monitoring is 
recommended because hirudin is predominantly cleared by 
the kidneys. Therefore, monitoring is especially important 
in patients with impaired renal function.'*" 

Argatroban is a synthetic thrombin L-arginine derivative 
inhibitor that functions similarly to hirudin but is cleared 
even in patients with moderate to severe renal failure.’ It 
shows reversible inhibition and has a half-life of approxi- 
mately 45 minutes. It is a drug of choice in HIT patients, 
especially in patients in whom hirudin cannot be used (renal 
failure or risk of anaphylaxis) with a target value of 1.5 
to 3.0 times the median of the normal range.'** The drug 
should be used cautiously in patients with liver disease. 

Bivalirudin is a reversible synthetic thrombin inhibitor 
that can be used as an alternative drug in patients with HIT. 
It contains a C-terminus similar to hirudin that binds throm- 
bin’s exosite 1 and an amino terminus that binds thrombin’s 
active site.'* It is administered intravenously and has a half- 
life of 25 minutes.'*? The current use is in coronary angio- 
plasty for patients who cannot use heparins.'** DTIs can be 
monitored with anti-Ila chromogenic assays.'**!* 


Antiplatelet Agents 

Used alone or in combination with other anticoagulants, a 
number of antiplatelet function agents have been developed. 
By far, the most commonly used agent is aspirin. It fune- 
tions by inhibiting prostaglandin synthesis. Its action has 
been well recognized for over 20 years, and its use (in low 
doses) for prophylaxis to prevent stroke and MI has been 
well characterized. Aspirin has been used in combination 
with heparin or LMWH in some patients who have arterial 


thrombotic events. 


145 


Antiplatelet agents are used for patients with ischemic heart 


disease, cerebrovascular disease, and peripheral artery disease 
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(PAD) since they have been proven to significantly reduce the 
mortality and morbidity.'** “In patients with acute coronary 
syndromes (ACS) and in those undergoing angioplasty with 
stent implantation dual antiplatelet therapy with aspirin and 
an adenosine diphosphate (ADP) receptor antagonist is indi- 
cated.” Other antiplatelet agents are likely to be developed 
in the near future. Their effectiveness is gradually increasing, 
as clinicians become more accustomed to their application. In 
general, these antiplatelet agents have not required laboratory 
monitoring. 


Thrombolytic Therapy 
Vascular surgeons and cardiologists are becoming increas- 
ingly adept at using thrombolytic agents to lyse clots formed 
in coronary arteries and other vessels. The site of these 
thrombi can also be stented with devices that hold the lumen 
of the artery open and allow recirculation beyond the previous 
occlusion. The difficulty occurring with these therapies has 
been prevention of recurrence of thrombosis of the vessel.'*” 
The most promising agents used in a post-thrombolytic setting 
or with stents have been inhibitors of platelet function with or 
without heparin. Thrombolytic therapies using urokinase and 
streptokinase have been available for more than two decades 
and tissue plasminogen activator is another fibrinolytic ther- 
apy used for acute pulmonary embolism.'**'* In any event, 
streptokinase is still a significant agent in treatment of cardio- 
vascular diseases.'*! 

The medications that convert plasminogen to plas- 
min without fibrin as a cofactor may be classified in two 
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* Endothelial cells function to facilitate platelet adhesion 
and platelet activation at the site of injury, secrete von 
Willebrand’s factor, and secrete an inhibitor of tissue 
plasminogen, which suppresses fibrinolysis. 

¢ Natural anticoagulants in plasma include antithrombin 
(AT), heparin cofactor II (HC-II), protein C (PC), pro- 
tein S (PS), and tissue factor pathway inhibitor (TFPI). 

e Antithrombin is a major inhibitor of thrombin and 
factor Xa. 

© Protein C is a vitamin K-dependent zymogen that, once 
activated by thrombin, proteolytically degrades factors 
VIIa and Va, two of the major cofactors involved in 
thrombin generation. 

Protein S is a vitamin K-dependent zymogen that is a 
major cofactor for protein C. 

Inhibitors of plasmin include «,-antiplasmin, a,-anti- 
trypsin, a,-macroglobulin, AT, and C1 esterase inhibitor. 
Inhibitors of plasminogen include plasminogen activa- 
tor inhibitor-1 (PAI-1), PAI-2, and PAI-3, with PAI-1 
being the most significant inhibitor of tissue plasmino- 
gen activator (tPA). 
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categories: (1) agents that convert plasmin 
directly and (2) agents that are fibrin-specin.. to Plasm 
mer group are streptokinase or urokinase ‘ties Int é 
includes tissue plasminogen activator (tPA) te latter tien 
The only FDA approved treatment for pati D 
ischemic stroke is thrombolysis with intravenous ua. Wi aut 
ogen activator (tPA), but its use is limited bya ape in 
window, selective efficacy, and hemorthagi eee, vhs i 
Because the goal is the lysis of fibrin clot, ation, Is 
are specific for fibrin would logically be preferr agents that 
kinase and urokinase cause a hypofibrinogenemis . Stre 
to fibrinogenolysis in virtually all patients, Bi i S€COndary 
medication is given by a catheter into the specifi EN the 


taining the clot. The advantage of the fibrin-spe Attery con 


is that it is feasible to administer these agents ae agen | 
into the vessel containing the thrombus in a catheter dit? | 
fashion. In fact, tPA can bind to circulating fibrin " tected 
products, activate plasmin, and cleave fibrinogen, oe 
although less frequent and less severe, fibrin-specific Tefore, 
can be complicated by hypofibrinogenemia. In a on Agents 
of low-dose versus standard-dose intravenous ey 
tPA in patients with acute ischemic stroke, equivalent a 
were reported in terms of effectiveness and safety,!%2 fee 
ever, the study showed that a lower dose had a lower ry 
intracerebral hemorrhage. '*'5? of 
More recently, other thrombolytic agents have become 
available. Enzymes including altephase, reteplase, tenect- 
eplase, urokinase, streptokinase, and anistreplase are FDA 
approved for the treatment of cardiovascular diseases, '%4.1ss 


Inherited thrombophilia is a group of congenital hema- 
tologic disorders that includes a variety of hypercoag- 
ulable states that usually present as venous or arterial 
thrombosis, or both. 

e Activated protein C resistance (APC-R) can be defined 
as deficient anticoagulant response of plasma to the 
addition of APC. Causes of APC-R include inhibitors 
to APC, functional PS deficiency, and mutated forms 
of factor V and VIII molecules; factor V Leiden is the 
most common cause of APC-R. 

¢ The prothrombin nucleotide G20210A mutation can be 
described as a single guanine to adenine mutation at nu- 
cleotide position 20210 and is associated with increased 
risk of deep vein thrombosis and elevated prothrombin 
levels. 

¢ Antiphospholipid (aPL) syndrome is an acquired 

thrombotic disorder, Laboratory evidence of aPL an- 

tibodies can be in the form of either immunologically 

demonstrated aPL antibodies; enzyme-linked immuno- 
sorbent assay (ELISA) for anticardiolipin and bela-< 
glycoprotein 1 antibodies, and/or lupus anticoagulant 


—— 


RY CHART—cont'd 


ApTT may be prolonged in heparin therapy or 
ination, insufficient volume of sample, dissem- 
intravascular coagulation (DIC), factor deficien- 

‘es, and antibodies directed against factors in intrinsic 

Cie? 


100 mmon pathways. 
0 yne-mediated heparin-induced thrombocytopenia 
Imm ribed as a sudden decrease in the platelet count 
js dese after heparin therapy is initiated and is caused 
the interaction of platelet factor 4 (PF4) on the 
t membrane. 
Unfractionated heparin acts by accelerating the rate 
at which AT is capable of binding thrombin. Hepa- 
rin therapy may be monitored by the APTT, with a 
target value of one-and-a-half times the upper limits 
of the reference range for the APTT. Alternatively, a 
heparin-calibrated anti-Xa chromogenic assay may be 
employed. 
Low molecular weight heparin (LMWH) is prepared 
from unfractionated heparin by fractionation or 
depolymerization, producing heparins of 1,000 to 
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CASE STUDY 29-1 


0-year-old man presented to the emergency department 
: swollen, painful right leg of 3 days’ duration and 
shortness of breath for the past 12 hours. He also had sharp 
the left side of his chest when he took a deep breath. 


RTINENT HISTORY 

Inesses: Had pneumonia 8 years ago with full recovery. 
pation: Cross-country truck driver. 

Social Habits: Drinks alcoho! occasionally on a social 
as smoked a pack of cigarettes a day for 22 years. 
Family History: Mother died of “clots in her lungs.” 
siblings are alive and well. One sister had a “clot 
leg” after she delivered her only child. 


PERTINENT PHYSICAL FINDINGS 
igns: Blood pressure, 110/75 mm Hg; respirations, 
pulse, 72/min and regular; temperature, 38°C; 
» 130 kg. 

it: Distant breath sounds on the left with dullness to 
Ssion. Heart examination is not remarkable. 
Joints, and Muscle: Right leg, ankle, and foot are 
atous and tender to palpation. 


‘ORY FINDINGS 

g/dL; WBC, 12,000/jL (1); differential WBC: 
» 9100/uL (1); lymphocytes, 2200/pL; 
00/L; eosinophils, 200/:L; platelet count; 


12,000 daltons. They inhibit factor Xa more effi- 
ciently and do not require therapeutic monitoring. 


¢ Warfarin therapy acts by interfering with the recycling 
of vitamin K and depressing the activities of factors II, 
VII, IX, and X; PC; and PS. Vitamin K is a cofactor for 
a carboxylase that inserts an additional carboxyl group 
on the glutamic acid residues in the amino terminal end 
of coagulation factors II, VII, IX, and X. 


* Warfarin therapy is monitored by the prothrombin time 
(PT) and international normalized ratio (INR); the INR 
is maintained between 2 and 3 for patients on anticoag- 
ulant therapy. 


* Direct oral anticoagulants (DOACs) reversibly inhibit 
either Thrombin (dabigaTran) or FXa (rivaroXaban, 
apiXaban, edoXaban, betriXaban). These anticoagu- 
lants are not routinely monitored. 

¢ Thrombolytic agents include tPA, urokinase, and strep- 
tokinase. Hemostatic evaluation includes PT, APTT, 
fibrinogen assay, thrombin time, and platelet count. 


PT, 12 seconds; INR, 1.0; APTT, 22 seconds; fibrin- 
ogen, 269 mg/dL; thrombin time, 18 seconds; D-dimer, 
500 ng/mL (7) 

Cholesterol, 230 mg/dL (1), HDL, 25 mg/dL (1) 


QUESTIONS 

1. What risk factors for thrombophilia are present in this 
patient? 

2. The elevated D-dimer could indicate which condition(s)? 

3. What is the differential diagnosis? 

4. What laboratory tests could be helpful in determining 
the etiology of the condition (a) in the acute setting? 
(b) after cessation of anticoagulation? 

5. What therapy is indicated? 

6. How is the therapy monitored? 


ANSWERS 

1. Risk factors for thrombophilia in this patient include 
past lung infection, sedentary job, alcoho! consumption, 
smoking, and family history of thrombosis. 

2. The elevated D-dimer is indicative of thrombosis. 

3. The patient history, clinical presentation, and lab find- 
ings are suggestive of venous thromboembolism (VTE) 
or DVT with pulmonary embolism (PE). 

4. Laboratory tests that could be helpful in determining 
the etiology of the condition in the acute setting include 
activated protein C resistance, factor V Leiden (FVL) 


Continued 
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CASE STUDY 29-1—cont'd 


by PCR, prothrombin gene mutation 20210 by PCR, 
MTHER by PCR, and possibly anticardiolipin. Lab- 
oratory tests that could be helpful in determining the 
etiology of the condition after recovery and conclusion 
of anticoagulation include protein C, protein S, and AT. 
All of these were performed, and the patient was found 
to be heterozygous for FVL only. 


CASE STUDY 29-2 


A 28-year-old woman presents with pain in the left leg. A 
screening test in the ED confirms that she has a large throm- 
bosis. She is married with no children. 

Current Medications: Daily oral contraceptives. 

Family History: Parents and siblings (all male) are alive 
and well with no previous thrombotic symptoms. 


PERTINENT HISTORY 
Hematopoietic: No history of anemia, bleeding disorder, 
jaundice, or easy bruising. 

Menstrual History: Unremarkable menstrual cycle, although 
somewhat irregular. 


PERTINENT PHYSICAL FINDINGS 
Vital Signs: Blood pressure, 125/80 mm Hg; respirations, 
16/min; pulse, 72/min, and regular. 


LABORATORY FINDINGS 

Hgb, 13.5 g/dL; WBC, 8,000/,L; differential WBC: 
Neutrophils, 5100/j:L; lymphocytes, 2200/L; monocytes, 

500/.L; eosinophils, 200/:L; platelet count, 100,000/L. 


REVIEW QUESTIONS Ss 


1. Which of the following factors would put a patient at 
risk for thrombosis? 
a. A factor deficiency 
b. Regular movement/exercise 
c. Hypertension 
d. Minimal use of drugs 


2. The risk of activation of coagulation by the endothe- 
lium is higher when which of the following conditions 
is present? 

a. When the vessel lumen is wide, allowing blood to 
pass easily and at slower velocity 

b. When the vessel lumen is narrow and blood is pass- 
ing at high velocities 

c. When the vessel lining is intact and there is no endo- 
thelial cell exposure 

d. When platelets are circulating inactively within the 
blood 


5. Heparin therapy (unfractionated heparin or LMwy —_ 
indicated immediately to treat DVT/PE anq then H) is 
anticoagulant for long-term therapies. Oral 

6. Therapy is monitored via APTT and PT/INR. 


PT, 12 seconds; INR, 1.0; APTT, 70 second 
gen, 269 mg/dL; thrombin time, 18 seconds, 


Ss (1); fibrino- 

QUESTIONS 

1. What is this patient’s risk factors for thrombosis? 

2. The elevated APTT could be a clue to which inherited 
thrombophilia? 


3. Why would this patient exhibit thrombotic symptoms 
but their siblings never have? 


ANSWERS 

1. The patient’s use of oral contraceptives is a risk factor 
for thrombosis. 

2. The elevated APTT could be a clue to APC-R. 

3. In APC-R, females are often only symptomatic when 
there are increased levels of estrogen, such as with oral 
contraceptive use and pregnancy. 


3. Thrombin is responsible for which of the following 
activities? 
a. Stabilizing the platelet plug into a fibrin clot 
b, Enabling the bond of vWF during primary hemostas!s 
c. Activating platelets ; 
d. Breaking down fibrin strands to begin fibrinolysis 


4. Antithrombin is a cofactor with which of the following 
elements? 

a. Collagen 

b. Heparin 

c, Thrombin 

d. Tissue factor 


5. Antithrombin inhibits which of the following facto’ 
a. FVII la 
b. FVIIA 
c. FXa 
d. FXIla 
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in C inhibits which of the following fac 


tors? Ott 
te { ‘ 
6 Preevitla 14. Which lab results are consistent with HIT? 

a FVIIA a. Platelet count increases 

b. EXa b. Platelet count decreases 

i FXilla C. Prolonged PT 


d. Prolonged aPTT 
rein C requires the presence of a cofactor, which is : 


: 15, 
1. i Antithrombin 


In HIT, IgG antibodies are formed to which of the 


‘ following? 

in S 4 
4 Ban a. vWF-platelet complex 
c. © ath b. aPL antigens 
d. Thro ¢. Heparin-PF4 complex 

ein C and wee S require the presence of which d. FVII-PF4 complex 
ing to function? 
of the following 0 16. Which of the following patients is at highest risk of 
* aie thrombosis? 
“6 Vitamin a. A woman of reproductive age with heterozygous 
c. Cele FVL not taking oral contraceptives 
4. Vitamin b. A diabetic patient with healthy kidney function 
9, Ayoung female patient taking oral contraceptives c. AnALL patient taking L-asparaginase for 

and experiencing thrombosis is more likely to be chemotherapy treatment 
diagnosed with which of the following? d. A hospitalized patient receiving heparin 
4, Protein C deficiency postsurgery for 2 days only 
b. AT deficiency 17. Testing for genetic abnormalities would contribute 
c. APC-R to which of the following reasons for lab analysis for 
d. Protein S deficiency hypercoagulable states? 


a. Identifying risk factors for thrombosis 
b. Modifying treatment regimens 
c. Preventing thromboembolic disease 


10. Neonatal purpura fulminans is more likely to be seen 
jn which of the following inherited conditions? 


a APC-R ; d. Discovering an underlying disease that can be 
b. PT mutation & 
: : treated 
c. Protein C deficiency 
d. AT deficiency 18. The D-dimer assay is utilized to determine whether 
: hich of the foll which of the following conditions is present? 
il. Baeratromne requires which of the following a APCR 
Bedings? b. Factor deficiency 
a. dRVVT and a second phosphol'pid-dependent c. VTE 
meng absay d. aPL syndrome 
b. Only one uncorrected mixing study ite 
c. Abnormal PT or aPTT on!y 19, Which of the following vitamin-K antagonist used to 
d. Only an abnormal factor analysis treat hypercoagulable states? 
- a. LMWH 
12, aPL syndrome has a documented history of prevalence BHiradin 
with which other condition? c. Argatroban 
eck d, Warfarin 
b. SLE 
©. AT deficiency 20. Which lab assay is used to monitor heparin therapy? 
d. PT mutation a. Ed 
b. aP” 
13. HIT develops in 1% to 5% of hospital patients c, FVIla assay 
Xposed to heparin for how long? d. Protein C 
4. 1 to 2 days 
Bs days See answers at the back of this book. 
©. 1 to 2 weeks 


4. More than 3 weeks 
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Atthe end of this chapter, the learner should be able to: 30-7. Evaluate the principle, advantages, and disadvan- 
B61) List the types of body fluids from closed body tages of the cytocentrifuge method for body fluid 
ie ihe morphological examination. 
( F . 
on are/studied In the hematology 30-8 Describe the common cellular artifacts introduced 
; ; P by cytocentrifugation. 
Sg pentity the Diag of procedure used to Sorel each 30-9 Distinguish the difference between a traumatic 
p type of body fluid. lumbar puncture from a true cerebral spinal 
303 Evaluate the formation of serous (peritoneal, hemorrhage. 
; “ae and pleural), cerebrospinal, and 30-10 Assess the purpose of synovial fluid analysis. 
synovial fluids. 


304 30-11 Associate the types of crystals found in synovial 
pesess the cel types normally found in serous, fluid with the related joint diseases. 


Cerebrospinal fluid, and synovial fluids. 30-12 Define birefringence as it relates to crystal 


7 
| Analyze effusion, transudate, and exudate and their ARES 
‘ analy: 

____ characteristics. 

306 Assess the laboratory methods for body fluid 

¥ analysis, 
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J pee analysis of body fluid from normally sterile body com- 
partments is an important element of patient care that 
provides clinicians with valuable information in the diagno- 
sis and treatment of disease. Under the abnormal conditions 
of disease, these fluids can significantly increase in volume 
and contain infectious and/or inflammatory substances and 
cellular elements. This chapter describes the hematological 
analysis of the most commonly encountered body fluids and 
discusses the qualitative, quantitative, morphological, and cy- 
tological analyses, when appropriate, that are performed by 
respective laboratories. 

The hematology laboratory is responsible for cell enumer- 
ation (or cell count) and morphological evaluation (or differ- 
ential) of body fluid specimens. The types of cells and their 
concentrations are useful in disease diagnosis. The cells that 
can be found include white blood cells (WBCs), red blood 
cells (RBCs), tissue cells, and tumor cells. It is important for 
laboratory professionals to be able to distinguish benign from 
reactive or malignant cells and appropriately refer these find- 
ings to a pathologist. Crystal formation in body fluids is also 
diagnostically significant. 


Types of Body Fluids and Anatomy 


Body fluids, an all-inclusive term, may be used to describe 
a diverse group of nonblood, nonurine fluids that are found 
in closed body cavities: the thoracic and abdominal cavities, 
central nervous system, and joint spaces. Fluids from the tho- 
racic and abdominal cavities are referred to as serous fluid; 
that is, they are related to or resemble serum in their composi- 
tion. In reality, they are ultrafiltrates of plasma. 


Serous Fluids: Pericardial, Pleural, and Peritoneal 
The thoracic (chest) cavity contains the heart and lungs. The 
heart is enclosed within a fibrous structure, known as the peri- 
cardial sac. The pericardial sac is lined by a single layer of 
mesodermal cells called mesothelial cells. These cells form 
a continuous membrane, known as the pericardium, that 
covers the parietal (inner) surface of the pericardial sac and 
the visceral (outer) surface of the heart, The potential space 
between the two membranous surfaces is called the pericar- 
dial cavity. It contains a small amount of serous fluid that 
is secreted by the parietal pericardium and absorbed by the 
visceral pericardium, functioning as a lubricant between the 
membranes as the heart relaxes and contracts. 

The lungs are encased by a thin membrane composed of 
a single layer of mesothelial cells known as the pleura. The 
lung surface is covered by the visceral pleura. The pleura also 
lines the inside surface of the chest wall, forming the pari- 
etal pleura. The potential space between these surfaces forms 
the pleural cavity that contains a thin film of serous fluid 
produced by the parietal pleura and absorbed by the visceral 
pleura. This fluid provides lubrication for the membranes 
during respiration while preventing the formation of any 
space between the lungs and chest wall. This maintains the 
lungs in an expanded state, 

The abdominal cavity is lined by a membrane also com- 
posed of a single layer of mesothelial cells known as the peri- 
toneum, It is the largest and most complex serous membrane 


SO Ge 


in the body. The parietal peritoneum covers the inne 
of the abdominal wall. The visceral peritoneum COVE the 
surfaces of the stomach, small and large intestines, iver and 
the superior aspects of the urinary bladder and uterys The 
kidneys, pancreas, duodenum, some lymph nodes, and the 
abdominal aorta are posterior to (not enclosed by) the perito. 
neum and are known as retroperitoneal. The potential Space 
created by the two layers of peritoneal membranes js known 
as the peritoneal cavity. The parietal peritoneum Secretes y 
serous fluid that prevents friction between the membrane 
from the constant motion of the abdominal organs and js 
absorbed by the visceral peritoneum. Normal pleural, pen 
cardial, and peritoneal cavities do not contain appreciable 
amounts of fluid and, as such, are not true cavities until a dis. 
ease state causes the accumulation of fluid. 


T Surface 


Cerebrospinal Fluid 
The central nervous system (CNS) consists of the brain and 
spinal cord, enclosed by the bony structures of the skull and 
vertebrae of the spine, These structures are lined by special 
membranes known as the meningeal membranes or menin- 
ges. The meninges consist of three layers of tissue: a relatively 
thick outer membrane known as the dura mater, which pro- 
vides the major protection for the brain and spinal cord; a thin- 
ner middle membrane known as the arachnoid mater; anda 
inner membrane that lies directly on the surface of the brun 
and spinal cord known as the pia mater. The area between the 
arachnoid mater and pia mater is known as the subarachnoid 
space.' It contains a selective ultrafiltrate of plasma known ss 
cerebrospinal fluid (CSF), which protects and supports the 
brain and spinal cord and maintains a constant ionic enviror 
ment by circulating nutrients and removal of waste products 
These functions are controlled by the blood-brain bare, 
which consists of the endothelial cells of brain capillanes 
wrapped by supporting cells of the brain known as astrocy'es 
These cells permit the passage of essential substances such 3s 
water, oxygen, and carbon dioxide, and exclude the passie? 
of large molecules such as proteins, peptides, and many drugs 
The CSF circulates through the ventricular system of te 
cerebrum, cerebellum, and brainstem. Masses of special z 
capillaries in the pia mater, known as the choroid plexus, eg 
ject into the ventricles and are the main source of CSF al 
tion. The ventricles and central spinal canal are lined by ® _ 
of epithelial cells with villous projections and cilia known 
ependymal cells, or the ependyma. Together, the epem” 

: 5 £ CSF pe 
and choroid plexus produce approximately 20 mL of 
hour, that is reabsorbed at the same rate by the arachnoid 
of the arachnoid mater. The arachnoid mater pene™ 
inner dura and its venous sinuses. The choroid plexus 
lium and the endothelium of the capillaries in contact x 
CSF form the blood-CSF barrier.’ This barrier coalt0 

F. The 00 

centrations of solutes between the blood and CS 150 ob 
total volume of CSF in adults is approximately 90 tot 
and approximately 10 to 60 mL in neonates. 
Synovial Fluid om pew? 
Joints, also known as articulations, are the junc of the 
two or more bones. The freely movable limb Linh by 500 
(€.g., shoulder, elbow, knee, hip, etc.) are enclose’ ™ 


ee 


epithe 


corr 


for support and alignment of the bones, known 
Beatle It consists of an outer fibrous layer and an 
ve with a rich blood supply, known as the synovial 
mb synovium, composed of a single layer of mono- 
wvial cells. Articular cartilage covers the bony sur- 
uF iting smooth motion during movement, 
of BP iscounds the tendons and free margins of the 
and articular cartilage, but it does not extend over the 
jntra-articular cartilage. An ultrafiltrate of plasma, 
as synovial fluid (or mucin; an older terminology), is 
by the synovial cells and transports nutrients to the artic- 
»e. This fluid fills the synovial cavity, the space that 
‘between the bones and is enclosed by the synovium and 
articular cartilage. The synovial cells also produce a muco- 
charide known as hyaluronic acid. This gives the fluid 
s consistency, providing lubrication and facilitation of 
wement. Synovial cells are also phagocytic, removing cellular 
brs that exists at the surface of the membrane. The large joints 
ynormally contain approximately 1 mL of synovial fluid. 


ecimen Collection and Preparation 


perly collected and prepared specimen is crucial to accu- 
osis and treatment. Body fluid extraction procedures 
sive and carry the potential to cause harm to patients. 
ly important to follow laboratory protocol during 
of the process. 


fluids are collected only by a physician or properly 
Medical personnel. Specimens are always obtained 

(Sterile) technique for diagnostic or therapeutic 
must also be handled with great care, as they 
cannot be recollected (irretrievable), especially 
i Specimens are potentially infectious and must 
hi Universal precautions. The aspirated fluid is 
i the Secon anticosclated, and/or sterile tubes to 
fluig Tatory, Details about the collection of each 
are discussed in more detail later in the chapter. 


: imme Poratory, the body fluid specimen must be 
Concentration The cells within a fluid are usually at 
Viability _ § than peripheral blood and are more frag- 
‘the bogy 7 Pidly deteriorates once they are removed 
ogy, “M4 they begin degenerating, affecting their 


iY Anal 
t Ysisa 
Analysi, 274 Clinical Correlations 
imen ; 

tae evaluated for the appropriate collec- 
e “spose evaluated for physical properties, 
, “ °F, clarity, viscosity, and/or the presence 

ality of the specimen has a direct influ- 


Deg ality of 


4 Hie yj 9 laboratory results. Details are addressed 
Neg " analysis in this chapter, 

Nal 
Sam, | HYsis 


le ig 
Stay ered for cellular quantification, H1s- 
©d methods in use for peripheral blood 
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cell Counts cannot be applied to body fluids for several rea- 
Sons, including: 


1, The peripheral blood cell-counting instruments are not 
standardized for a body fluid medium. 
2. aM size variation in fluids is greater than in peripheral 
ood. 
3, ieee debris and clots are often present in serous 
uids, 


4. Certain fluids (e.g., synovial) are quite viscous. 


However, newer more advanced automated peripheral 
blood analyzers often have a body fluid (BF) mode. This adds 
4 quantitative, automated procedure for analyzing serous and 
synovial fluids, providing total nucleated cell (TNC), white 
blood cell (WBC), and red blood cell (RBC) counts. Select- 
ing the BF mode on the analyzer changes the dilution ratios 
and reporting format most applicable to the characteristics of 
these types of specimens, The mode applies the principle of 
hydrodynamic focusing to improve the accuracy and preci- 
sion of the cell counts. A semiconductor laser beam is emitted 
to the cells as they pass through a flow cell in a single file. 
The size and interior components of cells scatter the light in 
different directions. The captured light is captured by photo- 
detectors and converted into electrical pulses that are used to 
determine the cells’ size, concentrations, internal complexity, 
and classifications. 

The only exception to automated BF analysis applies to 
CSF, due to low cell counts that can potentially be less than 
the particle count (background count) of the analyzer diluent. 
It is suggested that these specimens not be processed by auto- 
mated systems. 

Despite its imprecision, manual cell counting using a hem- 
acytometer is the preferred method for cell counts on body 
fluid specimens (see Chapter 31). Unlike peripheral blood, 
and unless the specimen is obviously bloody or turbid, the 
fluid is counted undiluted. If it is necessary to dilute the 
sample, the diluent used must be appropriate for the type of 
specimen (i.¢., synovial fluid diluent must not contain ace- 
tic acid; see discussion on Synovial Fluid.) The diluent must 
be filtered and free of any background debris by microscopic 
verification, Separate dilutions may be required for the RBCs 
and TNCs to reduce error. The number of squares (area) to be 
counted is determined by the concentration of cells present:! 


e Ifmore than 200 cells are seen in a square millimeter of 
the chamber (¢.g., @ WBC square), the cells in the five 
RBC squares of the center square should be counted, 
If more than 200 cells are seen in the entire ruled area 
(i.¢., all nine squares; 9 mm’), the cells in each of the four 
corner WBC squares should be counted. 
If fewer than 200 cells are seen in the entire ruled area, 
the cells in all nine squares should be counted. 

The calculation of the cell count is based on the formula: 

number of cells counted X dilution factor 

Total cells/HL-~ jumber of squares counted X volume/square 


volume/RBC square: 0.004 pL 
volume/WBC square: 0.1 pL 
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The same area on both sides of the hemacytometer is 
counted, and the percent difference of the count from each 
side must be less than or equal to 10%; if greater, the cellular 
distribution was poor and the counts must be repeated. 


Microscopic and Morphological Analysis 

Finally, the sample must be prepared for morphological eval- 
uation. This portion of the body fluid analysis is an extremely 
important aspect of the process because it becomes the per- 
manent record of the cellular constituents within the specimen 
and provides the basis for diagnosis. Body fluid slides are pre- 
pared by a technique known as cytocentrifugation by using 
a cytocentrifuge: a device that concentrates and deposits the 
cells within a fluid suspension directly onto a glass slide as a 
monolayer. The method utilizes a small funnel apparatus that 
is held against a glass slide by a clamp that fits into the cyto- 
centrifuge. Between the funnel and the slide is a fitted strip of 
filter paper with a hole under the funnel outlet. Cytocentrif- 
ugation is based on the principle that cells are concentrated 
by slow centrifugation with simultaneous absorption of the 
noncellular portion of the fluid into a filter paper. The filter 
preferentially absorbs the fluid portion, leaving the cells in a 
concentrated button on a microscope slide. This method mark- 
edly improves the quality of the cell morphology obtained 
compared with the direct smear technique. 

The College of American Pathologists (CAP) and the 
Clinical and Laboratory Standards Institute (CLSI) recom- 
mends cytocentrifugation as the preferred method for hema- 
tologic analysis.* The advantages of this method are outlined 
in Box 30-1. 

There are, however, certain disadvantages of the technique. 
Cytocentrifugation can create artifacts which laboratory pro- 
fessionals should be aware (Box 30-2). Cytoplasmic artifacts 
can include irregular fragmentation, projections, localization 
of granules, and peripheral vacuolization (Figs. 30-1, 30-2, 
and 30-3). 

Even with the disadvantages, the cytocentrifuge method 
produces a high-quality representation of the cellular elements 
present in the fluid. The best results are obtained with fresh 
specimens, processed immediately or as soon as possible after 
collection. A small amount of added protein, such as a drop of 
bovine or human serum albumin, will protect cells during cyto- 
centrifugation. The cell count helps to determine the volume of 
body fluid specimen necessary in performing cytocentrifuge 
preparation; high cell counts require less sample or predilution. 
Slides must be prepared regardless of whether any cells were 


BOX 30-1 Advantages of the Cytocentrifugation 


Method of Body Fluid Analysis 


+ Ease of preparation 

+ Speed of preparation 

* Concentrates specimen for good cell recovery 

+ Cellular differentiation is determined by Wright or Wright- 

Giemsa stain 

* Normal, reactive, and malignant cells can be identified 

+ Cytocentrifuge slide becomes retrievable permanent record 
SE 


BOX 30-2 Artifacts From the Cytocentrifugation 
Method of Body Fluid Analysis 


* There can be an overconcentration of cells in fluids 
cell counts. 

Cells in the interior of the cell button appear smaller with 
denser nucleus than cells at the periphery, 

Abnormal cells are more likely to be affected because of their 
fragility. 

Nuclear-induced changes can include Peripheralization, dis. 
torted shape, segmentation, fragmentation, holes, and more 
obvious nucleoli. 

* Cytoplasmic artifacts can include irregular fragmentation 
and string-like processes, clustering of granules, Peripheral 
vacuolization, and perinuclear zone in lymphocytes and 
monocytes. 


—— 
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FIGURE 30-1 Artifact of cytocentrifugation. Peripheralization, vacuolzz 
tion, and hyperlobulation of neutrophils. Wright stain, X 1,000 magnift 
cation. (From Best, M. Body Fluids Examination. Boston: ASCP Workshop 
9294; 1990, with permission.) 


; a ee f nucleo 
FIGURE 30-2 Artifact of cytocentrifugation romnens et (from 
vacuolization in lymphocytes. Wright stain, * 1,000 mag} 1990 


: 9294 
Best, M. Body Fluids Examination. Boston: ASCP WorkshoP 


with permission.) 


9-3 Artifact of cytocentrifugation. Cytoplasmic projections of 
tes. Wright stain, X 1,000 magnification. (From Best, M. Body 
on. Boston: ASCP Workshop 9294; 1990, with permission.) 


hemacytometer, as the potential to detect abnormal 
lignant cells increases with the cytocentrifugation pro- 
The optimal speed and duration are determined by the 
laboratory based on its equipment design. 
ocentrifugation, slides are allowed to air-dry and 
with the Wright (Wright~Giemsa) stain. Slides can 
made for other cytological analyses and staining. The 
Be then used to perform the total nucleated cell differ- 
and the detection of any reactive or malignant cells. 
Ores without cytocentrifugation equipment need 
body fluid slides either on resuspended sediment 
ation, or with a drop of undiluted or RBC-lysed 
fluid, using a slide-on-slide method. The slide- 
gue involves the following steps:? 


drop of the sample in the middle of a glass slide. 

Second slide over the first, perpendicular or paral- 

. the sample to spread by capillary action. Do 
any pressure. 

Ge Straight apart | i th motion 

Pull tip part lsterally in one smooth m . 


»P or down as the slides are being separated. 
Slides to air dry. 


the <i GS QUEST)o», 
ne man... > Cells seen in the hemacytometer during 

toc, Sell count, why is it important to prepare a 
9ation slide? 


bh to 13, 
* book. all Critical Thinking Questions at the back 


Co 
Orme e ponents of Body Fluids 
4 fering Cells present in body fluids are 
ang Ugh <— blood leukocytes that are capable of 
“4 erator endothelium into extravascular 
Peete. that lines aa of epithelial cells sloughed from 
Sang Munters, 4 © compartment. The most common 
eg: tissue cell, are neutrophils, lymphocytes, mac 
MPhil = Other cells that are less frequently 
> *4sophils, and mast cells. 
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Neutrophils 


Neutrophils are frequently observed in pleural, peritoneal, 
and pericardial fluids, as well as synovial fluids, but normally 
constitute fewer than 25% of the total cells in the differential 
analysis. Very few, if any, should be observed in CSF. After 
staining, the neutrophils would appear as in a peripheral blood 
smear; however, the process of cytocentrifugation may cause 
the nuclei to be pushed to the cell’s periphery, resulting in an 
artifactual hypersegmented appearance (see Fig. 30-1). Some 
cells can be degenerated, exhibiting cytoplasmic vacuoliza- 
tion and nuclear pyknosis. 

Immature neutrophils (i.e., promyelocytes, myelocytes, 
and metamyelocytes) are not commonly seen; if present, they 
may represent a chronic inflammatory process or a bone mar- 
row disorder (e.g., myeloproliferative, myelodysplastic, or 
leukemic syndrome). Blasts are found only in the presence of 
bone marrow disorders. 


Lymphocytes 

Lymphocytes are often seen in all types of fluids in variable 
numbers. They can vary in appearance from small to large 
and are normally reactive in their nuclear morphology. The 
nuclei are artifactually more prominent in cytocentrifuge 
preparations. The shape of the nucleus might be irregular, 
and the cytoplasm can have artifactual projections (see 
Figs. 30-2 and 30-3).4 Lymphocyte morphology in malig- 
nancy is determined by the type of neoplasm involved (i.e., 
leukemia or lymphoma). The lymphocytes seen in these 
conditions will appear homogeneous, as they are clonal in 
origin. Plasma cells, if present, are usually seen only in 
chronic inflammatory disorders. 


Macrophages 

Macrophages, or phagocytes, are transformed monocytes, hay- 
ing migrated from the peripheral blood to the tissues. Macro- 
phages present in body fluids can appear similar to monocytes 
seen in peripheral blood smears or may be larger with abundant, 
vacuolated cytoplasm (Figs. 30-4 and 30-5). Macrophages 
without phagocytosed material are referred to as histiocyt 
Classifying these cells between types is not clinically important. 
In some cases, however, phagocytosed organisms or cells may 
be of diagnostic importance. Some macrophage cells” vacuoles 
may fuse together into one large cytoplasmic vacuole, causing 
the nucleus to become flattened against the cell membrane; this 
gives the cell the appearance ofa signet ring (Fig. 30-6). 


Tissue Cells : : 
Benign tissue cells are seen in all fluids and must be differ- 


entiated from malignant cells. Serous fluids contain benign 
mesothelial cells, as they are normally sloughed from the 
membrane. These appear as large cells with moderate to abun- 
dant cytoplasm that may be stained a light or dark blue and 
may contain phagocytosed debris or granules. The nucleus is 
eccentric with a smooth nuclear outline and a fine, homoge- 
neous chromatin pattern. Nucleoli may be large and promi- 
nent, usually uniform in size and shape (Figs. 30-7 and 30-8). 
The appearance of mesothelial cells can vary within the same 
fluid specimen, which may cause some difficulty in identifi- 
cation (Fig. 30-9). 
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FIGURE 30-4 Histiocytes/macrophages (center). Also, monocytes and 
neutrophils. Wright stain, X 1,000 magnification. (From Best, M. Body 
Fluids Examination. Boston: ASCP Workshop 9294; 1990, with permission.) 


B 


ue 

FIGURE 30-5 Macrophages. Also, a lymphocyte (A) and a plasma cell 
(B). Wright stain, x 1,000 magnification. (Courtesy of Judith Brody, M.D., 
Northwell Health Laboratories, Lake Success, New York.) 


FIGURE 30-6 Signet-ring type macrophages. Wright stain, x 1,000 magni- 
fication. (From Best, M. Body Fluids Examination, Boston: ASCP Workshop 
9294; 1990, with permission.) 


CSF tissue cells (choroid plexus cells, ependymal cells) 
tend to form clusters. They may have cytoplasmic granules 
and slightly irregular nuclei. Arachnoid mater cells are fre- 
quently seen as a syncytium: a mass of cytoplasm containing 
several nuclei. These benign cells are usually only seen in the 


FIGURE 30-7 Mesothelial cells. Normal, quiescent. Wright stain, x 1,000 
magnification. (From Best, M. Body Fluids Examination, Boston: ASCP 
Workshop 9294; 1990, with permission.) 


4 


FIGURE 30-8 Mesothelial cells; degenerated with peripheral vacuoles, 
resembling macrophages. Wright stain, x 1,000 magnification. Sake 
Judith Brody, M.D., Northwell Health Laboratories, Lake Success, New" 


i 
' 
: 
| 


FIGURE 30-9 Macrophages (right) and mesothelial cot is 
stain, ¥1,000 magnification, (Courtesy of Judith Brody, MDs 
Health Laboratories, Lake Success, New York) | 
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cells (chondrocytes) may be seen in a variety of 


pee ion s. These cells contain a central, small, round, 
rtitic en surrounded by a clear zone and a distinct bur- 
pyknone a red cytoplasm.* 
ils, Basophils, and Mast Cells 
=aophils, basophils, or mast cells may be present in small 
-osinoph in body fluids. Increased numbers can be seen in 
Be corders, and their presence may or may not be cor- 
ee ich their concentration in the peripheral blood. Mast 
ae be distinguished from basophils by having a round 
c (not segmented) and a ae eae of cytoplasmic 
smaller in size than those usually seen in 
granules that are y 


basophils. 


Serous Fluids: Pleural, Pericardial, 
and Peritoneal 


Serous fluids are discussed together because they present 
‘Similar findings in normal and pathological states. Normally, 
these compartments contain a minimal amount of fluid, only 

_ enough to keep the membranes moist and slippery. Fluid is 
produced by the parietal lining by plasma filtration through 
‘capillary endothelial cells and absorbed by the visceral lin- 
‘ing. Causative factors for effusions are listed in Box 30-3. 
Pathology affecting any one or more of these factors, as well 
as trauma, infection, and malignancy, can result in an abnor- 
mal fluid Collection, known as an effusion. 


Effusion s: Transudates and Exudates 
an i that accumulate due to a systemic disease state 
end as transudates. Effusions that accumulate 
Ptimary pathologica! state within the compartment 
eee as exudates. The purpose of identifying the 
Sion as transudative or exudative is to determine 
tests are Btther laboratory or other extensive diagnostic 
40 not required to identify the cause. Transudates usually 
Table 397° further laboratory or diagnostic evaluations. 
ae es the features of transudates and exudates. 
tates jg a ¥, differentiation between transudates and exu- 
: iM based upon the WBC, specific gravity, 
Mid lactate ), and fluid TP. In this case, the analysis of 
8 assis j hydrogenase (LDH), glucose, and cholesterol 
€ identification by comparison to a simultane- 

Serum Specimen.** 

offing to be cloudy, turbid, or purulent due to the 
- aa the increased WBC count, and frequently 
© to the presence of fibrinogen. If a portion 


i¢ A 
ausative Factors for Effusions* 


2 teased a 
3 ieteased cakes hydrostatic pressure 
Sty permeability 


4 Seq | 
Deere, hla tesorption 
MA oncotic Pressure 


statin One 


°F mor 
© Of these factors results in the production of an 
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TABLE 30-1 Comparison of Transudates and Exudates 


Feature 


Transudates 


Form as a result of 
increased capil- 
lary hydrostatic 
pressure, as seen 
in congestive 
heart failure, or 
decreased plasma 
oncotic pressure, 
as seen in the 
hypoproteinemia 
of the nephrotic 
syndrome or liver 
failure 


Exudates 


Form as a result of 
increased capillary 
permeability and/ 
or decreased lym- 

phatic resorption 


Appearance 


* Clear, pale yellow 
* Donotclot 


Cloudy, turbid, 
purulent, bloody 
Clots on standing 


WBC 


<1,000 cells/pL 


>1,000 cells/pL 


Specific gravity 


1.015 g/dL 


>1.015 g/dL 


Total protein 


<3.0g/dL 


>3.0 g/dL 


Fluid/serum TP ratio 


<05 


>0.5 


LDH 


<200 IU/L 


>200 IU/L 


Fluid/serum LDH ratio 


LDH ratio: <0.6 


>0.6 


Glucose 


~Serum/plasma 
glucose 


<Serum/plasma 
glucose 


Cholesterol 


<60 mg/dL 


>60 mg/dL 


Fluid/serum <0.3 >03 


cholesterol ratio 


of the sample is centrifuged, a clear supernatant indicates the 
presence of an abundance of leukocytes or cellular debris; a 
white supernatant is caused by the presence of lipids. 

If the fluid has a milky or opaque appearance that remains 
in the supernatant after centrifugation, this is known as a chy- 
lous effusion: an exudate resulting from leakage or a block- 
age of the lymphatic vessels. It is nch in chylomicrons, has 
an elevated triglyceride level (greater than 110 mg/dL), and 
contains predominantly lymphocytes. Chylous effusions most 
often result from a malignancy such as lymphoma or carci- 
noma, or from trauma. 

An exudate unrelated to the lymphatics, known as a pseu- 
dochylous effusion, results from a persistent, chronic effusion 
due to diseases such as tuberculosis (TB) and RA-associated 
inflammation of the pleura (i.e., theumatoid pleuritis). Unlike 
a chylous effusion, this exudate is caused by the breakdown 
of cellular lipids, does not contain chylomicrons, and usually 
has a low triglyceride level (less than 50 mg/dL). hts appear 
ance is caused by cellular debris and cholesterol crystals, and 
it contains a mixed reactive cell population with many inflam. 
matory and necrotic cells. Table 30-2 compares chylous ae 
pseudochylous effusions. 


nnn 


696 PARTS Select Laboratory Methods 


TABLE 


Chylous Effusion 
Milky-white; opaque; supernatant remains 


f Disease process Trauma, malignancy se 
Presence of chylomicrons _Rich in chylomicrons i 
Triglycerides increased (>110 mg/dL) 


Trauma, aneurysm, malignancy, pancreatitis, or TB may 
also produce a bloody or hemorrhagic effusion. 

The previously described analyses are not always able to 
definitively distinguish transudates from exudates when the 
results are equivocal; the patient’s clinical history and physi- 
cal examination can provide further information. The finding 
of an exudate must always be followed by more extensive 
tests to determine its cause. 


Cellular Responses, Microorganisms, 

and Malignant Cells 

Effusions can occur due to a wide variety of local or systemic 
disease processes. They may be categorized as normal cel- 
lular, benign/reactive, or malignant based on the present cell 
types. Normal cellular effusions, as their name implies, are 
neither reactive nor malignant. Cellular morphology is nor- 
mal regardless of the cause of the effusion. A serous fluid is 
categorized as benign/reactive when cellular abnormalities 
are caused by infection, inflammation, or other sterile reac- 
tive processes (e.g., pulmonary infarction or cirrhosis of the 
liver). Serous fluids associated with bacterial infections will 
demonstrate an inflammatory cellular response that consists 
predominantly of segmented neutrophils on differential anal- 
ysis. These cells may reveal Déhle bodies, toxic granulation, 
and/or vacuolization. Viral, fungal, or mycobacterial infec- 
tions may be associated with a predominance of lymphocytes 


Acute bacterial infection (e.g., pneumonia; peritonitis; pericarditis) 


Chronic inflammation or infection (e.g., rheumatoid arthritis and 
tuberculosis) 


Chronic sterile reactive processes (e.g. cirrhosis; pulmonary embolism/ 
infarction) 


pneumothorax; immune disorders; peritoneal dialysis) 


LE 30-2 Comparison of Chylous and Pseudochylous Effusions 


milky;forms creamy toplayeruponstanding 
Leakage, damage, or blockage of thoracic duct Chronic effusion; breakdown of cellular lipids 


TABLE 30-3 Reactive Processes and Cell Types Present in Serous Effusions 


Eosinophilic effusions (e.g., parasitic/fungal infections; hypersensitivities; 


Pseudochytous Effusion 
Milky-white, yellow, green; opaque; supernatant remains my 


TB, Rheumatoid pleuritis 
Chylomicrons absent 
Decreased (<50 mg/dl) = 


Mixed reactive cell population; necrotic cells, cholesterol crystals 


or show a mixed inflammatory response. These lymphocytes 
are frequently reactive and transformed, resembling immo. 
noblasts. Benign/reactive lymphocytes consist of a heteroge. 
neous population of cells with varying nuclear shape, amount 
of cytoplasm, and degree of cytoplasmic basophilia, whereas 
malignant lymphoma cells would appear as a homogeneous 
population, most with the same nuclear and cytoplasmic 
features. Eosinophilic responses can occur with parasitic or 
fungal infections, hypersensitivities, pneumothorax, some 
immune disorders, and peritoneal dialysis. Many will have 
an inflammatory cell response that is not diagnostic for any 
specific disorder; these would be referred to as nonspecific, 
reactive cellular responses. Table 30—3 outlines the reactive 
processes and cell types present in serous effusions, 


ADVANCED CONTENT 


In rare cases, lupus erythematosus (LE) cells form spor 
taneously. An LE cell is a phagocyte: either a neutrophil 
or monocyte that has ingested a naked nucleus showing # 
homogeneous, smooth chromatin pattern, This finding ® 

| suspicious but not diagnostic of SLE; other autoimmune 
disorders may also show this phenomenon, 


Cell Types Present 


* Greater than 50% neutrophils 
* Many macrophages 


yes 
* Many reactive mesothelial cells, macrophages. and lympnes 
* Few plasma cells and neutrophils 


* Many reactive mesothelial cells and macrophages 
Few neutrophils and lymphocytes | 
Signet ring-type macrophages can be present 


Greater than 10% eosinophils a cee 


‘nelial cells, as previously described, can have a 
eiation in morphology. They may show nonspecific 

d s that include multinuclearity, the presence 
e cjeoli, mitotic activity, and sometimes an increase in 
- size (FBS: 30-10 and 30-11). They have been classified 
: ries based on their diverse morphology as quies- 
phied, epithelioid, phagocytic, and senescent,’ 

jescent mesothelial cells are the normal constit- 
‘vents of the membrane that are shed into the fluid (see 
s» 30-7). Hypertrophied cells are larger, with more 
3 aminent nucleoli, and can be seen in reactive processes 
‘iat cause cellular hyperplasia (Fig. 30-12). Epithelioid 
Gpesothelial cells are seen as clumps or sheets result- 
‘ing from the disrupted membrane surfaces in reactive 
peesses (Fig. 30-13). Phagocytic mesothelial cells 
‘ae indistinguishable from macrophages or histiocytes 
“Fig. 30-14). The senescent mesothelial cell is degener- 
ed, with a single large vacuole forming a signet ring 
figuration (see Fig. 30-15). The nucleus may show 


30-10 Reactive mesothe! 


Best f ls, and | 
; M. Body yMphocytes. Wright stain, < 1,000 magnification. (From 
‘With 


Fluids Exami: 
in n. Boston 4; 1990, 
ssion.) atio: ASCP Workshop 929: 


inate, S « a 
1m 

sotheyi 

Moy pes 8. Wrig lial cel) multinucleated. Also, macrophages (A) and 


t 
Well nae *1,000 magnification. (Courtesy of Judith 
alth Laboratories, Lake Success, New York) 


\: binucleated. Also, macrophages, 
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FIGURE 30-12 Hyperplastic mesothelial cells. Wright stain, x400 magni- 
fication. (Courtesy of Judith Brody, M.D., Northwell Health Laboratories, 
Lake Success, New York.) 


FIGURE 30-13 Reactive mesothelial cells in sheets (epithelioid) with 
prominent nucleoli, Wright stain, X 1,000 magnification. (From Best, 
M. Body Fluids Examination. Boston: ASCP Workshop 9294; 1990, with 


permission.) 


ary Xo 


FIGURE 30-14 Phagocytic macrophages/mesothelial cell. Note the 
ingested RBCs (left). Wright stain, X 1,000 magnification. (Courtesy 
Sch Brody, M.D., Northwell Health Laboratories, Lake Success. 


New York) 
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a oe i FIGURE 30-17 Bacteria in body fluid: Neisseria species; note the intracel. 
Hy . 7 seal lular diplococci in neutrophils. Wright stain, x 1,000 magnification. (from 
| FIGURE 30-15 Senescent mesothelial cell (right); becoming signet ring Best, M. Body Fluids Examination. Boston: ASCP Workshop 9294; 1990, 
_ configuration. Wright stain, < 1,000 magnification. (Courtesy of Judith with permission.) 
Brody, M.D. Northwell Health Laboratories, Lake Success, New York.) 
pyknosis and karyorrhexis: one or more spherical, Malignancy is a major cause of serous effusion; therefore, 


densely staining nuclear fragments. All, except quiescent serous fluids may contain malignant cells from a variety of 
mesothelial cells, can resemble malignant cells. Extreme neoplasms. Their identification is critical for accurate diag. 
caution must be taken to avoid misinterpretation; referral nosis. A malignancy may already be known to exist, but its 
to pathology and/or cytology is required. presence in the fluid demonstrates metastasis; it may also be 
an initial diagnosis. The laboratory professional must look a 

the entire cellular area of the slide under low power to detect 


Most types of pathogenic bacterial and fungal organ- suspicious clusters of cells. It is not possible to distinguish 
isms will stain with the Wright (Wright-Giemsa) stain and _ malignant cells from benign reactive cells by a single cellular 
are detectable on a routine cytocentrifuge preparation. Bac- _ characteristic; the cells must be judged based on collective 


teria will stain blue regardless of the Gram’s stain reaction _ criteria that include the gross appearance of the fluid as well 
(Fig. 30-16). If the organisms are intracellular (Fig. 30-17), _ as the cellular features. Additional studies such as immune 


the presence of infection is indicated as opposed to in vitro cytochemistry, flow cytometry, tumor marker analyses, and 
contamination of the slide or stain. Most pathogenic yeasts are —_ biochemical and enzyme assays may also be required. 


found in CSF as opposed to serous ae They may or may The general features of malignant cells are: 
not be found intracellularly. The most frequently encountered : : 
: : : ; e Multilayered formations; three-dimensional spheroidal 
fungal organisms in fluids are: arrangements (ball-like formations) (Figs. 30-18 and 30-19) 
© Cryptococcus spp. e Large cell size (often greater than 50 pm diameter) 
© Histoplasma spp. giantism : 
¢ Candida albicans ¢ An irregular nuclear membrane: jagged or showiné 
© Candida tropicalis multiple folds 


FIGURE 30-16 Bacteria in body fluid: Staphylococcus species; note the d 
intra- and extracellular distribution. Wright stain, * 1,000 magnification. FIGURE 30-18 
(From Best, M. Body Fluids Examination. Boston: ASCP Workshop 9294; 


1990, with permission.) 9294; 1990, with Permission.) 


<3 ae : 


: ‘ 00 
n, xV oP 
Clusters of malignant cells Wright st! A cp wor” 


cation. (From Best, M. Body Fluids Examination. Boston: 


FIGURE 30-19 Cell-ball formation; malignant cell cluster. Wright stain, 
x500 magnification. (Courtesy of Judith Brody, M.D., Northwell Health 


laboratories, Lake Success, New York.) 


* Multinucleation; nuclear molding; Single file arrange- 
ments (Figs. 30-20 and 30-21) 

* Nuclear hyperchromasia; unevenly distributed chromatin 

* Prominent nucleoli with irregular size and shape 


* High/variable N:C ratio 


‘ Increased/abnormal mitotic activity (Fig. 30-22) 
* Bizarre vacuolation: abnormal inclusions (Fig. 30-23) 


n Cannibalism (one cell engul 
(Fig. 30-24) 


fing/ingesting another) 


* Uneven Staining of cytoplasm 


fluid Preparations are nucle 


petty inclusions. Nuck: 
2 <a the nucleus of 
Jacent cell. This o; 

—ilige that require « 

ORen =e yt oPlasmic mer 
One of cn, small cell carci 


“smal Coma. Paranuclea 


Carcinoma or ray 


t 
farly cel] degeneratio; 


20 si. 
3s, a 
‘ei Nain, xSo9t file Cellular arr, 


HWO Very characteristic. fe: 


atures of malignant cells in 
molding and paranuclear 
molding describes the pro- 
ell molds around the shape 

s with the cohesive growth 
presence of tight junctions 
anes of the cells. It is most 
yma, but it can be seen in any 


ir blue body inclusions occur 
ly in sarcoma. They may rep- 
of phagocytosed material. The 


iff angements: Breast carcinoma 
"Workshea fication (From Best, M, Body Fluids Examination 
P9294; 1990, with permission.) 


6 8 ae 


FIGURE 30-21 Nuclear molding. Wright stain, x1,000 magnification. 
(From Best, M. Body Fluids Examination. Boston: ASCP Workshop 9294; 


1990, with permission.) 


FIGURE 30-22 Abnormal mitotic activity; acinar (glandular) arrangement 
of malignant cells. Wright stain, x 1,000 magnification. (From Best, M_ Body 
Fluids Examination. Boston: ASCP Workshop 9294; 1990, with permission.) 


* 


FIGURE 30°23 Foamy, bizarre vacuolization in cytoplasm of malignant 
cells. Wright stain, 1,000 magnification. (From Best, M. Body Fluids 
Examination. Boston: ASCP Workshop 9294; 1990, with permission 


inclusions may appear to be intranuclear depending on the 
orientation of the cell on the slide. They are only seen on 
the Wright (Wright-Giemsa)-stained preparations Cytology 
preparations and other laboratory Studies are required to Spe- 
cifically identify the type of malignancy (Table 30—4) 
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FIGURE 30-24 Nuclear molding; cannibalism of malignant cell (left). 
Wright stain, X 1,000 magnification. (From Best, M. Body Fluids Examina- 
tion. Boston: ASCP Workshop 9294; 1990, with permission.) 


TABLE 30-4 Features of Nonhematologic Malignant 
Cells in Serous and Cerebrospinal Fluid 


+ Large, frequently >50 zm 
* Giantism 
High/variable N:C ratio ( =1:1) 


Multinucleation; variable size 

Pleomorphic, nonuniformity 

Irregular nuclear membrane; herniation into 
cytoplasm; clefts 

Nuclear hyperchromasia 

Unevenly distributed chromatin 

Nuclear molding 

Prominent nucleoli with irregular size and shape 
Increased/abnormal mitotic activity 


Uneven staining of cytoplasm 

Bizarre vacuolization or large, singular vacuole 
Abnormal inclusions 

Fused cytoplasmic membranes 

Cannibalism 


Cellular Multilayered formations 

Arrangement 3-D forms 
Spherical aggregates 
Cell clumps lacking, or having poorly defined 
margins 
Wraparound, rosette or acinar formations 
Single cells 


Hematopoietic malignancies that can most commonly be 
found in body fluids are: 


Lymphocytic and nonlymphocytic leukemia 
Non-Hodgkin lymphomas 

Hodgkin's lymphoma 

Plasma cell neoplasms 


eeees 


The abnormal cells found in a fluid in any of these dis- 
orders have the same morphological features as seen in the 
peripheral blood and bone marrow, 


The most common nonhematopoietic malj 


: gnan 
can be seen in body fluids are: CHES that 


e Small cell carcinoma (oat cell) 
e Metastatic adenocarcinoma (breast, ovarian, stomach, 
colon, rectum) 


Types of Effusions, Laboratory Analysis 
and Clinical Correlations 


As previously noted, effusions are an abnormal accumulation 
of fluid, and the location of the effusion determines the neces. 
sary terminology, collection procedure, analysis, and correls. 
tions (Table 30-5). 


Pleural and Pericardial Effusions 

A pleural effusion is defined as an abnormal accumulation 
of fluid in the pleural cavity. It occurs when the rate of pro- 
duction exceeds the rate of absorption. Conditions that affect 
capillary pressure or permeability, colloid osmotic pressure, 
lymphatic drainage, or increased negative intrapleural pres- 
sure (which can occur with atelectasis [collapsed lung]) can 
lead to the formation of a pleural effusion. The presence of 
large amounts of fluid may restrict lung expansion, causing 
dyspnea and mild hypoxemia. Pleural effusions caused by 
congestive heart failure, nephrotic syndrome, or cirthosis 
tend to be bilateral, whereas unilateral effusions are caused by 
diseases that develop below the diaphragm, such as cirhoss 
with ascites, hepatic abscess, pancreatitis, and tumors.‘ 


Specimen Collection and Processing 

Analysis of a pleural effusion begins with the removal of fluid 
by a thoracentesis (see Table 30—5). Portions of the pleural (« 
thoracentesis) fluid are placed into heparinized tubes for chem 
ical analysis, sterile tubes for microbiological cultures a 
Gram and/or acid-fast stains, and tubes containing ethylene 
aminetetraacetic acid (EDTA) for cell counts and differentia 
analysis. Additional nonadditive evacuated tubes may also te 
collected for cytology and immunophenotyping studies. TP” 


racentesis may also be used for therapeutic purposes. , 

The gross appearance of the pleural fluid prov ides importa 
diagnostic clues to the nature of the disease process. Pure bee 
in the pleural cavity, a hemothorax, can result from sever 
chest injuries, stab or gunshot wounds, or surgical pro¢ me 


TABLE 30-5 Body Fluid amecollection Procedure 
Nomenclature : 


Body Cavity/Region Fluid Name 


; sis 
Pleural cavity/lungs Pleural (serous) _Thoracente 


eee entess 
Pericardial cavity/heart Pericardial Pericardio’ 


serous) 
esis 
Peritoneal cavity/ Peritoneal, Paracent 
abdomen ascites (serous) 


ctu 
CNS; subarachnoid space/ Cerebrospinal rere 
brain and spinal cord ae 


Arthrocentes® 


Synovial cavity/joints Synovial 


_ pemorrhagic effusion, in the absence of trauma, 

x ee geests the presence of malignancy or occa- 
s infarction. Leakage of the thoracic duct 

ax, most commonly caused by a malignancy 
oma or carcinoma.*” This produces a milky- 
3 ame jeural fluid that remains opaque after centrifu- 
, oP sation of the pleural space by bacterial pneumonia or 
: ; Jung abscess will cause empyema: the collection of 
ure pleural cavity. This fluid will be turbid to opaque and 
. ly elevated WBC count of 25,000/jL or higher. 


ylotho 


gation, the supernatant of this type of fluid will be 
Hye to the removal of the cellular debris. 
“abnormal accumulation of fluid in the pericardial space 
as a pericardial effusion. This is most frequently 
damage to the lining of the cavity and increased cap- 
xy permeability. The function of the normal pericardium is 
spose dilation of the heart; this is reflected by the mean 
mil venous pressure. Interference with pericardial venous 
lymphatic drainage, which occurs in acute pericarditis, 
to the formation of an effusion. The volume of fluid, 
iie of its formation, and the elasticity of the pericardial 
will determine what effect the effusion will have 
function. A small effusion may have no effect and 
ce any symptoms; a large effusion that develops very 
My may also not cause any symptoms, provided that the 
sardium has the ability to stretch. A severe complication of 
Or a traumatic injury can cause a condition known 
tamponade. This occurs when pericardial fluid or 
Bun the pericardial space, under increased pressure, 
Motion of the heart. This produces a state of crit- 
ad bn cular dysfunction, causing decreased cardiac 
Teatmen YPotension, and if left untreated will cause death. 
veda Tduires the aspiration of the pericardial fluid in a 
tio of the as a8 pericardiocentesis (see Table 30-5). A 
Sracentesis Pirate is sent to the laboratory for analysis for 
disorder, a8 discussed earlier. A wide variety of diseases 
eae re pericardial effusions such as neo- 
vl “ied agents, cardiovascular disease, renal 
<a ascular diseases, and hemorrhagic events 
rysm, or anticoagulant therapy). 
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ly Se ogy for analysis. If the specimen 
Ctely o| ere or handled and it arrives in the lab- 
oy EN ji is p ted, the analysis cannot be performed. 
Loon be | Pt pro, apally clotted, which can occur if the 
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(PCV) greater than 50% of the peripheral blood PCY, this would 
indicate the presence of a hemothorax. 

A normal pericardial fluid is also pale yellow in color and 
transparent. Turbidity can be caused by infection or malig- 
nancy. Grossly bloody fluid may result from trauma or dis- 
ease, or the possibility that intracardiac blood was aspirated 
into the specimen during pericardiocentesis. The findings of 
a chylous fluid are rare, but it can be caused by the leakage 
of lymphatic vessels from trauma, lymphoma, or carcinoma. 


Quantitative Microscopic Analysis Next, the specimen is 
examined for its cellular concentration. RBC and TNC counts 
are performed on the undiluted fluid. Cloudy or turbid fluids 
may be diluted with saline or buffered cell diluent for manual 
counting, and the cell count multiplied by the appropriate dilu- 
tion factor. Automated analyzers can provide RBC, TNC, and 
WBC counts. Cell counts are of limited value in making a dif- 
ferential diagnosis because they are nonspecific. As few as 5,000 
RBCs/L will cause a blood-tinged appearance to the fluid. Red 
blood cell counts greater than 100,000/L in pleural fluid are 
highly suggestive of malignant neoplasm, trauma, pulmonary 
embolism, or infarction? The performance of a microhemato- 
crit can be useful in distinguishing a hemorrhagic effusion from 
aspirated blood in the specimen. Generally, a WBC count less 
than 1,000/pL is associated with a transudate, while higher 
counts are associated with exudates and suggestive of microbial 
infection or malignancy. These values alone should not be used 
to classify the fluid as transudative or exudative; other biochem- 
ical analyses must be considered, as previously discussed. 
Examination of the Wright (Wright-Giemsa)-stained cyto- 
centrifuge preparation is required regardless of the cell count. 
Concentration of the fluid will demonstrate the presence of 
cellular material. The entire circular field of stained sediment 
is first scanned under the low-power objective (10), search- 
ing for evidence of cellular clumps or sheets, and the presence 
of large cells. A standard 100-cell differential is then performed 
under high-power oil immersion (50X or 100X objective). If 
fewer than 100 cells are present, all the cells in the preparation 
are counted; the actual numbers of cells counted and the per- 
centages of each cell type are calculated and reported. The cells 
are categorized in the same manner as peripheral blood differ- 
ential counts, with the addition of mononuclear cell categories 
that are used for macrophages, mesothelial cells, and malignant 
cells. These cell types are counted and reported as a percent- 
age, with a comment describing the types of cells present. This 
method of counting has the advantages of (1) cells that are dif- 
ficult to identify morphologically may be grouped together and 
(2) no attempt is made to count nonhematologic malignant cells 
individually because they often occur in clumps and are very 
difficult to count. Malignant hematologic (leukemia/tymphoma) 
cells are counted and reported as in peripheral blood differen- 
tials, All stained fluid slides with atypical, suspicious, or malig- 
nant cells must be reviewed by a pathologist before reporting. 
Morphological Analysis Segmented neutrophils in pleural or 
pericardial fluid appear morphologically identical to those in 
the peripheral blood, although cytocentrifugation may intro- 
duce artifactual changes, as previously discussed. Immature 
neutrophils are rarely seen except in chronic my elogenous 
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leukemia or leukoerythroblastic conditions. Neutrophils in 
chronic effusions can show signs of cellular degeneration, 
with vacuolization and decreased granularity in the cyto- 
plasm. They can also exhibit pyknosis or karyorrhexis and be 
mistaken for nucleated red blood cells (NRBCs) (Fig. 30-25). 
Neutrophils are present in higher concentrations in exudates 
of a bacterial etiology, such as a pleural effusion of bacterial 
pneumonia or a ruptured lung abscess. In pericardial fluid, a 
predominance of neutrophils is seen in bacterial pericarditis 
(see Table 30-3). 

Lymphocytes in pleural fluid resemble small peripheral 
blood lymphocytes and are seen in variable numbers. They 
may be variable in size and have an immature or reactive 
(transformed) appearance in response to various stimuli. The 
nucleus can be cleaved and exhibit nucleoli that are often more 
prominent than those in peripheral blood lymphocytes. Some 
of these nuclear changes are artifactual effects of cytocentrif- 
ugation (see Fig. 30-2). Degenerative changes can occur in 
aged specimens. Increased numbers of lymphocytes (lympho- 
cytosis) are seen in effusions from patients with tuberculosis 
(TB), malignancy, and viral infections (see Table 30-3). 

When present, plasma cells resemble those encountered 
in the bone marrow. Increased numbers can accompany the 
increase in lymphocytes that is seen in patients with multiple 
myeloma or other disorders with associated lymphocytosis 
(Fig. 30-26). They are also seen in effusions from patients 
with TB, RA, malignancy, Hodgkin’s disease, and so forth. If 
a malignancy is suspected, referral to pathology is mandatory 
and cytological examination must be performed. 

Mononuclear phagocytes (histiocytes or macrophages) 
are seen in variable numbers in both benign and malignant 
effusions. The number of mononuclear cells increases as the 
inflammatory process becomes chronic. In vivo, LE cell for- 
mation has been observed as well. If the fluid remains at room 
temperature, in vitro LE cell formation can occur. 

Pleural fluid eosinophilia (eosinophils seen in increased 
numbers greater than 10%) is a nonspecific finding, com- 
monly seen in idiopathic effusions. It may signify that air 


FIGURE 30°25 Neutrophils with vacuolization, fragmentation, decreased 
granulation; one pyknotic neutrophil (center). Wright stain, x 1,000 magni- 
fication. (From Best, M. Body Fluids Examination. Boston; ASCP Workshop 
9294; 1990, with permission.) 


lai > 
FIGURE 30-26 One plasma cell (A), one plasmacytoid lymphocyte, reac- 
tive and normal lymphocytes in a chronic effusion; note the monocyte/ 
macrophages (8), Wright stain, 1,000 magnification. (From Best, M. Body 
Fluids Examination. Boston: ASCP Workshop 9294; 1990, with permission) 


(pneumothorax) or blood (hemothorax) has been introduced 
into the pleural space. By itself, it is not diagnostically signif- 
icant, but it may be manifested in parasitic or fungal diseases, 
malignancy, connective tissue disorders, hypersensitivities, or 
pulmonary infarction. The presence of eosinophilia in an ext- 
dative effusion is an indication that the condition is probably 
not malignant or tuberculous. Mast cells and basophils often 
accompany eosinophils, and 5% to 10% may be seen in pleu- 
ral fluid eosinophilia* (see Table 30-3). 

Mesothelial cells in small numbers are normally sloughed 
into the serous cavities. During inflammatory process‘, 
they proliferate and are shed in greater numbers. They often 
vary in appearance, manifesting reactive or atypical changes, 
which can create difficulty during the differential examinatio 
(see Figs. 30-12 and 30-13); familiarity with these issues 8 
necessary when examining the slides. Mesothelial cells may 
appear as single cells, in clusters, or sheets. Clustering can be 
an artifact caused by cytocentrifugation that may produce * 
resemblance to malignant cells. Clumps, or loose aggresi® 
of benign mesothelial cells, can be differentiated from malig 
nant cells by comparing the appearance of those in the er 
with other more easily distinguished mesothelial cells My 
same smear. A uniform, regular arrangement of cells 
display fenestrations—openings or “W indows” betweet 
cytoplasmic membranes of the cells —usually indicate 
they are benign. Spheroidal or multilayered cell ae 
are more likely to be malignant (see Figs. 30-18 and to dee? 
The cells are large, with scant to abundant light gray allo 
blue cytoplasm, and may present an area of perinucles yi 
as such, they may resemble large plasma cells. There ee ies 
be variably sized cytoplasmic vacuoles. The nucleus wynd 
one-third to one half the cell’s diameter and may be chrom 
oval in shape with a smooth nuclear membrane. The Je elle 
tin distribution is uniform, with a stippled, dark Re 130 © 
with the Wright (Wright-Giemsa) stain. There 7 : cout 
one to three spherical nucleoli. Mesothelial cells uclel wi 
be classified as “reactive” have slightly irregular ® 


prominent nucleoli (Fig. 30-27) 


30-27 Reactive mesothelial cells: Pleural fluid; note the promi- 
nucleoli and multinucleation. Wright stain, x 1,000 magnification. 
assy of Judith Brody, M.D., Northwell Health Laboratories, Lake 


pulmonary infarction, and malignant disorders. 
increase, especially if the fluid is bloody or eosin- 
Suggests the presence of a pulmonary embolism. 


of the pleura (i.¢., tuberculous pleurisy) or if 
ive infection of the pleural cavity with pyo- 
producing) organisms; this may be related to the 
udate that covers the lining of the cavity, trap- 
ells’ (see Table 30-3). 


Oneal ne “Mfusion is an accumulation of fluid in the peri- 
‘esis Sad Clinically termed peritoneal, ascitic, or paracen- 
ae Causes of peritoneal effusions are the same as 
nlilary press in pleural and pericardial effusions: increased 
restr, Poo ure or permeability, abnormal colloid osmotic 
ational * Iymphatic drainage, or cardiac abnormalities. 
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Men ™MMOn causes of peritoneal effusion.* 
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he lection and Processing 


me Tapptraw peritoneal fluid is known as patie 
"ion Tule © 30-5), Paracentesis is most commonly 
May be Out bacterial peritonitis and malignancy. Aspi- 
Pace yi Mbined with a lavage: a flushing of the perito- 
mya is normal Saline solution. Evidence of blood in the 
Reo, YY) of Ndication for immediate surgical exploration 

Mong tse the © abdominal cavity for internal bleeding. 
approx; minal cavity is large and distendable, 
“imately 500 mL of fluid must usually be 
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Present before the effusion can be detected by radiological 
or physical examination. Diagnostic abdominal paracente- 
Sis, with the removal of 50 to 100 mL of fluid, is essential to 
determine a differential diagnosis. A portion of this is sent to 
the laboratory for analysis in the same manner as discussed 
previously for pleural and pericardial fluids. 

Patients in renal failure, who must undergo dialysis to 
cleanse the blood of waste products, can be treated with a pro- 
cedure known as continuous ambulatory peritoneal dialy- 
sis (CAPD). This procedure utilizes the natural properties of 
the peritoneal membrane and the infusion of a dialyzing fluid 
into the cavity to remove the impurities in the bloodstream. 
This procedure requires laboratory monitoring to measure its 
effectiveness and carries an inherent risk of recurrent peritoni- 
tis. The procedural dialysis fluid (dialysate) can be sent to the 
laboratory for analysis. 


Laboratory Analysis and Clinical Correlations 

Qualitative Analysis The hematology laboratory will receive 
this fluid in tubes containing EDTA as well. If the specimen 
was not properly collected or handled, and arrives in the lab- 
oratory completely clotted, the analysis cannot be performed. 
As with pleural and pericardial fluids, a partially clotted spec- 
imen would not provide an accurate cell count, but morpho- 
logical examination for the presence of reactive or malignant 
cells should be performed, with the required comment on the 
report and prompt physician notification. 

The criteria previously described to differentiate transu- 
dates and exudates may not fully apply for ascitic fluid as they 
do for pleural and pericardial fluids. The total protein and LDH 
ratios may be better indicators in most cases (see Table 30—1). 
A more reliable method is known as the serum-ascites albu- 
min gradient (SAAG), calculated by subtracting the ascitic 
fluid albumin concentration from the simultaneously collected 
serum albumin concentration.'® The SAAG is significantly 
greater than 1.1 g/dL in transudates (high-gradient ascites) 
than in exudates.'®'' It can also provide valuable information to 
assist in the differential diagnosis of ascites (¢.g., patients with 
high-gradient ascites include those with cirrhosis, alcoholic 
hepatitis, cardiac-related ascites, or massive liver metastasis). 
Low-gradient ascites (SAAG less than 1.1 g/dL) are associ- 
ated with peritoneal malignancies and nonmalignant diseases 
such as TB, pancreatitis, nephrotic syndrome, biliary disease, 
or connective tissue diseases.'*"? 

Normal or transudative peritoneal fluid is pale yellow or 
straw-colored and transparent, The visible appearance of the 
fluid may be helpful in determining the cause of the effusion, 
A grossly bloody fluid may be caused by or indicate abdomi- 
nal blunt trauma, postoperative complications, rupture of the 
liver or spleen, intestinal infarction, pancreatitis, or malignan- 
cies, Effusions resulting from perforation of the gallbladder or 
intestines, duodenal ulcers, cholecystitis, or acute Pancreatitis 
will appear green due to the presence of bile. Exudative effu- 
sions will be cloudy or turbid if they contain elevated Protein 
concentrations, increased leukocytes, and/or microorganisms. 
Chylous fluid is rare, but it can be caused by the leakage of 
lymphatic vessels due to trauma, hepatic cirrhosis, TB, lym- 
phoma, or carcinoma. 
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Quantitative Microscopic Analysis Next, the specimen is 
examined for its cellular concentration, RBC and TNC counts 
are performed on the undiluted fluid, Cloudy or turbid fluids 
may be diluted with saline or buffered cell diluent for manual 
counting and the cell count multiplied by the appropriate dilu- 
tion factor. Automated analyzers can provide RBC, TNC, and 
WBC counts. The total RBC and WBC counts are useful for 
diagnosis in peritoneal lavage, as they improve the accuracy 
and specificity of the diagnosis. A positive lavage fluid would 
be visibly bloody and considered as such when the total RBC 
count is greater than 100,000/wL (or greater than 50,000/j.L 
in known penetrating trauma such as stab or gunshot wounds). 
The total WBC count would be greater than 500/.L. However, 
when indeterminate by eye, a lavage would be considered 
positive when the total RBC count is 50,000 to 100,000/wL 
(10,000 to 50,000/j.L in cases of penetrating trauma).* The 
total WBC count would be 100 to 500/,L. A negative lavage 
fluid would show a total RBC count less than 50,000/pL (or 
less than 1,000/L in penetrating trauma). The total WBC 
count should be less than 100/,L. 

Cell counts on nonlavage peritoneal fluids, specifically the 
total WBC count, are of limited value in differential diagno- 
ses but are useful in distinguishing peritoneal transudates from 
exudative effusions. A WBC count greater than 300/jL is con- 
sidered to be abnormal. It is extremely necessary to make a 
correct diagnosis as early as possible in suspected spontaneous 
bacterial peritonitis (SBP) to reduce the morbidity and mor- 
tality associated with it. A WBC count greater than 500/jL is 
useful presumptive evidence in distinguishing between an exu- 
date in bacterial peritonitis and a transudate of cirrhosis. Serial 
WBC counts and cultures are helpful in assessing the adequacy 
of treatment in patients with SBP and also in differentiating 
SBP from nonperforation secondary bacterial peritonitis.’ 

A Wright (Wright-Giemsa)-stained cytocentrifuge prepa- 
ration is used for the differential examination, The same 
procedure, as described earlier in the discussion of pleural 
and pericardial effusions, is followed for the morphological 
examination. An exudative peritoneal effusion characteristi- 
cally contains a variable number of neutrophils, lymphocytes, 
eosinophils, basophils, macrophages, and mesothelial cells, 


Morphological Analysis The presence of more than 25% 
segmented neutrophils is considered abnormal and sugges- 
tive of bacterial infection. The absolute neutrophil count may 
also be helpful; counts greater than 500 neutrophils/L are 
a sensitive indicator of spontancous or secondary bacterial 
peritonitis. In CAPD, peritonitis is defined by a WBC count 
of greater than 100/jL with more than 50% neutrophils or if 
microorganisms are seen on the cytocentrifuge preparation 
and/or Gram stain of the dialysate.* Chronic, long-standing 
effusions may show neutrophils with decreased cytoplasmic 
granules and nuclear pyknosis and karyorrhexis as in pleural 
or pericardial effusions. 

Lymphocytes transform in response to various stimuli and 
exhibit a variety of morphological features. Differentiation of 
benign lymphocytes from malignant lymphoma in effusions 
may occasionally be difficult. A predominance of lymphocytes 
can be seen in transudates from patients with congestive heart 
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failure, cirrhosis, or the nephrotic syndrome: they ma 
in chylous effusions, tuberculo itonitie 2 206 

seen in chy! . US peritonitis, ang 

malignant disorders. Other 

Eosinophilia in peritoneal fluid is less common| 

; 7 A Ag 4 ° Y Seen 
than in pleural fluid. Eosinophilic ascites is Tare; When 
ent, it contains greater than 50% eosinophils and es 
ated with congestive heart failure, vasculitis, and 
lymphoma." Patients with continuous ambulatory 
dialysis (CAPD) may exhibit peritoneal eosinophilia, Usual 
greater than 10% or as high as 95%.'*" The cause is unknovy 
but may be caused by hypersensitivity to the foreign ste 
or the possibility that air entered the cavity during the Conner. 
tion of the catheter line to the infusion set'* (see Table 30-3) 
Small numbers of basophils and mast cells may also be pre 
in cases of peritoneal eosinophilia. 

It is possible to find choroid plexus cells from the CNS in 
the peritoneal fluid of a patient with a ventriculoperitones| 
shunt, which is a drainage device inserted into the ventricles 
of the brain to remove excess CSF in cases of hydrocephalus, 
neoplastic conditions, or head injury. The catheter is placed 
under the skin, from the skull to the abdomen, allowing the 
excess fluid to drain into the peritoneal cavity, where it is 
reabsorbed. A one-way valve controls the flow of the fluid. 

Mononuclear phagocytes are present in variable num- 
bers. These cells, as well as mesothelial cells, may have a 
variable appearance. As discussed previously under pleurl 
and pericardial fluid analysis, differentiation from malignant 
cells may be difficult. Atypical mesothelial cells, resembling 
malignant cells, are especially seen in chronic effusions and 
in ascitic fluid associated with cirrhosis.'” LE cells have also 
been reported. Referral to pathology and cytological examin 
tion must be performed if a malignancy is suspected. 
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The CSF is a selective ultrafiltrate of plasma, under the os 
trol of the blood-brain and blood~CSF barriers and diffe 
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Specimen Collection and Processing 
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4 in neonates or infants younger than 
ations a as presence of fever and lethargy. 
is commonly performed by intervertebral 
mbar region of the spinal column, between 
and L4, known as a lumbar puncture (LP) or 
(see Table 30-5). The procedure must be per- 
ically and without trauma. In patients with 
shies oF infection at the puncture site, LP is contrain- 
ifthe patient has a normal intracranial pressure, deter- 
atthe initiation of the LP, at least 20 mL of fluid can be 
in an adult without complication. Significantly lower 
mes may DE collected from infants, children, and neo- 
ifthe intracranial pressure is elevated. Approximately 
sLof fluid is collected into each of three to five sequen- 
abered, sterile, nonadditive tubes. The tubes must be 
‘in numerical order. Tube #1 is used for chemical analy- 
cause it typically would be contaminated with peripheral 
‘od and cellular debris from the initiation of the puncture 
es centrifugation before analysis. Tube #2 is used for 
iological analysis as it is less affected by contamination 
on of the LP. Tube #3 is sent to hematology for 
unt and differential analysis as it is less affected by 
ing from initiation of the LP. Additional tubes (#4, 
be used for further biochemical analyses, serology, 
ad cytometry, immunocytochemistry, or molecular 
lysis. An LP may also be performed for therapeu- 
Purposes, such as to reduce intracranial pressure and/or to 
ér anesthetics, radiographic contrast media, antifun- 
chemotherapeutic agents directly into the CNS. Whole 
‘Samples are also collected at the time of LP for a com- 
re pe (CBC) and chemical analysis of the serum. 
pt in the laboratory, the CSF must be processed 
*Y (STAT); analysis must occur within 1 hour of col- 
f sinent cellular degradation and lysis that will 
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fluid. A normal CSF is clear, colorless, sterile, and watery in 
consistency. Any cloudiness or turbidity can be caused by the 
Presence of more than 200 WBC/uL, more than 400 RBC/pL, 
microorganisms, fat globules, or increased protein levels. The 
presence of more than a normal number of cells, particularly 
WBC, in CSF is referred to as pleocytosis. Radiographic con- 
trast media can give the fluid an oily appearance. 

Grossly bloody specimens may result from a traumatic tap. 
which occurs in approximately 20% of LPs, or the presence 
of subarachnoid or intracerebral hemorrhage.'? A common 
problem in the analysis of CSF is distinguishing between a 
true CNS hemorrhage versus a traumatic LP. If the bloodiness 
decreases in each tube in sequential order, it suggests a trau- 
matic tap. If the bloodiness is similar in all tubes, it could indi- 
cate a CNS hemorrhage. Physicians may request the cell count 
on successive tubes for this purpose. However, this method is 
not always reliable.”° 

A clotted CSF is an abnormal finding; it suggests an 
increased fibrinogen and/or protein concentration from 
peripheral blood contamination, an infectious condition 
within the CNS, or a markedly increased protein concentra- 
tion in the fluid. 

The presence of any color should be noted. If the spec- 
imen is bloody, the color of the supernatant is interpreted 
after centrifugation. This must be performed as soon as all the 
cell counts are completed. Xanthochromia, a pink, orange, 
or yellow color of the supernatant, is caused by the break- 
down of hemoglobin. This is usually thought to indicate a true 
CNS hemorrhage and is present in more than 90% of patients 
within 12 hours of subarachnoid hemorrhage onset.”! Lysis of 
RBCs present in the CSF begins approximately | to 2 hours 
after a subarachnoid hemorrhage. Hemoglobin is converted to 
bilirubin within 24 hours of RBC lysis, giving the supernatant 
a yellow tint. If the fluid supernatant is clear and colorless, 
this could suggest that the LP was traumatic, the CNS hem- 
orthage occurred less than 2 hours before the LP, or minimal 
RBC lysis has occurred. Xanthochromia will occur, however, 
if a bloody fluid from a traumatic LP is not processed within 
1 hour of collection. Other causes of xanthochromia include 
jaundice (serum bilirubin levels of 10 to 15 mg/dL), extremely 
elevated CSF TP concentrations (greater than 150 mg/dL), 
and hyperbilirubinemia in premature infants who have an 
immature blood-CSF barrier. 


Quantitative Microscopic Analysis 
Next, the specimen is examined microscopically. The numbers 
of RBCs and TNC in the undiluted fluid are manually counted 
using a hemacytometer (see Chapter 31). Cloudy or bloody flu- 
ids may be diluted with saline or buffered cell diluent, correct- 
ing the final count by the dilution factor. As described earlier in 
the chapter, automated cell counters should not be used for CSF 
because the allowable background limits of the analyzer diluent 
may be higher than the normal range for CSF cell counts. 
Normal CSF is practically acellular by the manual | Ma 
tometer count (Table 30-6). No RBC s should be present (less 
than 1/pL); RBC counts are of limited value in a differential 
diagnosis. Erythrocytes can be present due to trauma during 
LP and are commonly seen in infants. Nucleated cell counts. 
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TABLE 30-6 Normal Values for Cerebrospinal Fluid 


Appearance 
RBC Count 


Clear, colorless, watery 
<1/pl 
WBC Count 0-5/L (adults) 


0-30/j1L (infants up to 1 year) 
3% neutrophils 


~70:30% lymphocytes:mono- 
cytes; macrophages; rare 
ependymal cells 


however, are very useful in developing a differential diagnosis 
because even low counts are suggestive of pathology. Nor- 
mally, less than 5 mononuclear cells/jL can be seen in adults; 
in neonates and infants up to 1 year of age, up to 30 mono- 
nuclear cells/j1L is possible. These cells commonly consist of 
lymphocytes, monocytes/macrophages, or CNS tissue cells. 

The specimen is processed by cytocentrifugation and 
Wright (Wright-Giemsa) staining, as previously discussed 
under serous fluid analysis. A normal CSF can yield 30 to 
50 cells per 0.5 mL of a cytocentrifuged fluid sample." 

A standard 100-cell differential is then performed under high- 
power oil immersion (50 or 100X objective). If fewer than 
100 cells are present, all the cells in the preparation are counted, 
with the actual numbers of cells counted and the percentages 
of each cell type being calculated and reported. The total WBC 
count can be calculated from the total percentages of the leuko- 
cytes seen on differential exam and the total nucleated cell count 
in the hemacytometer. WBC counts greater than 1,000/,L with 
turbid fluid suggest bacterial or fungal meningitis; very high 
counts (greater than 50,000 cells/j,L) are unusual and suggest 
intraventricular rupture of a brain abscess. The total WBC count 
cannot be interpreted without the total RBC count. In a trau- 
matic LP, the WBC and RBC counts will reflect the same WBC/ 
RBC ratio as the peripheral blood of the patient. Generally, in 
a patient with a normal peripheral blood count, one can expect 
to find approximately one to two WBCs for every 1,000 RBCs 
in the CSF from a traumatic LP.” For example, a CSF with a 
total WBC count of 10 cells/jzL and an RBC count of 10,000 
RBCs/L, the ratio is 1;1,000. There is no significant increase in 
WBCs in this fluid; however, a traumatic LP is implicated, In a 
CSF with a total WBC count of 10 cells/jzL and an RBC count of 
100 RBCs/uL, the ratio is 1:10, indicating a significant increase 
and a pathological state.‘ In a situation in which a patient has an 
increased or decreased peripheral blood WBC or RBC count, a 
correction to the count of the CSF must be performed to see if it 
is significant, using the following formula:*"* 


WBCs added = WBC (in blood) * RBC (in CSF) / 
RBC (in blood) 
Corrected (true) CSF WBC = total WBC (in CSP) - 
WBCs added 


The types of WBCs present is the most important aspect in 
the interpretation of a CSF and their relationship to the clini- 
cal findings. 


CRITICAL THINKING QUESTION 


30-3 Why must CSF cell counts not be performed via auto- 


mated body fluid methods? 


a 


Morphological Analysis and Microorganisms 


On differential analysis, a normal CSF contains mono 


nuclear 


cells (Fig. 30-28) (approximately 70% lymphocytes anq 30%, 
monocytes) and rare ependymal or choroid plexus cells. Othe 
cells that could be seen in a CSF include granulocytes (mature 
and immature), lymphocytes (mature and/or Teactive), monony. 
clear phagocytes (monocytes, histiocytes, and Macrophages) 
plasma cells, ependymal and choroidal cells, leukemic blasts, 
and malignant cells. The cells can appear comparable to those 
in peripheral blood with some variation in details. 


Neutrophils Normally, very few segmented neutrophils should 
be observed in CSF. They traditionally were considered patho. 
logical; the observation of more than an occasional neutrophil 
classically suggested a bacterial infection. However, with the 
current method of cytocentrifugation that concentrates the fluid 
and improves cell recovery, the appearance of a small number 
of neutrophils can be seen in normal CSF. These may be related 
to peripheral blood contamination from a traumatic LP; their 
concentration would be proportional to the extent of peripheral 
blood contamination and the neutrophil percentage of the perph- 
eral blood. There is no general agreement on what constitutes a 
normal upper limit to the neutrophil count, but neutrophil counts 
greater than 3% should be regarded as potentially pathological 
and carefully investigated.'® Their quantity must always be con- 
sidered in the context of the patient’s clinical condition and with 
results of other laboratory tests. Neutrophils rapidly disintegrate, 
if the specimen is not examined promptly, a falsely decreased 
count can potentially be reported. The cytoplasmic granules 
are often less prominent than in the peripheral blood.*~ The 
nucleus may be hyperlobulated with long and narrow filaments, 


an artifact of cytocentrifugation. Older 


cells can exhibit pykoe 


sis or karyorrhexis and might be mistaken for NRBCs. ; 
Bacterial infections of the CNS cause neutrophilic pleocy"* 
and increased total WBC counts. Farly 


bacterial meningitis ™Y 


FIGURE 30-28 Normal CSF; two monocytes and one lym 


(A). Wright stain, X 1,000 magnification. (Frot 
Examination. Boston: ASCP Workshop 92%: ! 


m Best, M. Body Fluids 


990, with perm 


may also present with neutrophilia, Increased 
phils can also be seen in inflammatory or non- 
itions, such as tissue infarction, foreign body or 
ic tumor/leukemic infiltration, or3 to4 days 
orrhage. The fluid differential alone cannot dif- 
pacterial and nonbacterial meningitis, 


E. Normal CSF contains lymphocytes, which 
| -nantly small, with intermediate and large forms 
- predomi They appear similar to those in the peripheral 
fen dergo transformation in response to antigens, 
a or reactive lymphocytes are variable in size, 
ly abundant basophilic cytoplasm, moderately 
atin, and one or more nucleoli; some may appear 
oid. They may also occasionally contain azurophilic 
es (Fig. 30-29). When marked reactive changes occur, 
sy be difficult to identify them as lymphocytes. Lympho- 
or immature-appearing lymphocytes, have scant cyto- 
a fine chromatin pattern, and may or may not have 
nt nucleoli. An increased number of lymphocytes 
*ytic pleocytosis; Fig. 30—30) is associated with viral, 
|, tuberculous, syphilitic, and parasitic infections. 
e lymphocytosis is seen in viral meningoencephali- 
after chemotherapy or radiation treatment. The reactive 
es present in viral meningitis are morphologically 
imilar to those in the peripheral blood during infectious 
eosis. Noninfectious and degenerative causes of reac- 
mphocytosis include MS, Guillain-Barré syndrome, drug 
Polyneuritis, and sarcoidosis of the meninges. In MS, 
ctive lymphocytes are distinctly plasmacytoid in appear- 
8. 30-31). Their nuclei are eccentric and lymphocytic 
ance, whereas their cytoplasm is plasma cell-like. 
lymphocytes are frequently seen in the CSF of new- 
and can be mistaken for leukemic cells. The ability 
: on ae and malignant lymphocytes is important. 
pear as a mixture of variable sizes and a mixture 
4 ad Feactive cells. This contrasts with malignant cells 
ma ae homogeneous in; size and shape. ; 
- are normally pot present in CSF. In inflam- 
MS associated with lymphocytic reactions, 


slight increase in neutrophils. Early viral meningi- 
a 
) 
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FIGURE 30-30 Lymphocytic pleocytosis, CSF. Wright stain, 400 magni- 
fication. (From Best, M. Body Fluids Examination. Boston: ASCP Workshop 
9294; 1990, with permission.) 


FIGURE 30-31 Reactive (plasmacytoid) lymphocytes in CSF in multiple 
sclerosis. Wright stain, x 1,000 magnification. (From Best, M. Body Fluids 
Examination. Boston: ASCP Workshop 9294; 1990, with permission.) 


transitional stages of reactive lymphocytes, plasmacytoid 
lymphocytes, and plasma cells can be seen. These conditions 
include acute viral infections, chronic inflammatory states, 
TB, syphilis, sarcoidosis, Guillain-Barré syndrome, and MS. 


Monocytes Monocytes present in CSF appear similar to, and 
arise from, the peripheral blood. They normally constitute 
ap proximately 30% of the cells seen on differential examination; 
they can be more numerous in infants and small children. Differ- 
ation from lymphocytes can be problematic In some cases, 
neonates. Cytocentrifugation may cause the mono- 
k together and appear like choroidal, ependymal 
cells, or tumor cells.'* They degenerate more rapidly in vitro, 
requiring prom pt preparation of the slide, They are increased in 
a variety of disorders, including tuberculous meningitis, fungal 
ingitis syphilitic meningoencephalitis, and viral meningo- 
ment eee Pure monocytosis is rarely seen in the CSF. More 
aise they present as part of a mixed cell reaction, which 
ue neutrophils, lymphocytes, and plasma cells, 
; ‘A definitive sign of CNS hemorrhage is erythrophagocytosis, 
the phagocytosis of erythrocytes by histiocytes or macrophages. 
: ximately 1$ hours for histiocytes or macrophages 
It takes — 1d phagocytose RBCs after the hemorrhage, thus 
to mobillz vacuoles within the macrophages. More thar 


enti 4 
especially in 
cytes to stic 


pearing as empty 
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a single macrophage containing ingested RBCs should be present 
before considering a CNS hemorrhage as they may occur in vitro 
or if an LP is repeated 8 to 12 hours after an initial traumatic LP. 
After approximately 4 days, the degraded hemoglobin becomes 
hemosiderin, which is visible as dark brown or black granules 
(Fig. 30-32). If the hemorrhage is older, hematoidin crystals, 
a product of hemoglobin catabolism, may be seen as bright yel- 
low or red crystals (Fig. 30-33). Iron-containing macrophages, 
known as siderophages, are visible with the Prussian blue stain 
(stain for iron). 


Eosinophils and Basophils Eosinophils are rarely seen in a 
normal CSF, They may be increased in a variety of infectious 
and noninfectious disorders. Eosinophilic meningitis is defined 
when the total WBC count is greater than 10% eosinophils; a 
parasitic infection should be suspected with this finding.” Idio- 
pathic eosinophilic meningitis, without any evidence of a patho- 
gen, has also been described.”° Other infectious causes include 
viral, fungal, or rickettsial infections. Noninfectious causes 
include malignancy, intrathecal therapy, radiographic contrast 
media, and systemic drug reactions. Eosinophilia is also asso- 
ciated with malfunctioning ventricular shunts or foreign body 
reactions (Fig. 30-34). Basophils, as well, are normally not seen 


FIGURE 30-32 Siderophages in CSF: hemosiderin pigment in macro- 
phages (A). Wright stain, X400 magnification. (From Best, M. Body Fluids 
Examination. Boston: ASCP Workshop 9294; 1990, with permission.) 


FIGURE 30-33 Siderophage with hematoidin (hematin) pigment. Wright 
stain, X 1,000 magnification. (From Best, M. Body Fiuids Examination, 
Boston: ASCP Workshop 9294; 1990, with permission.) 
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FIGURE 30-34 Eosinophils (A) and reactive lymphocytes (8) in CSF 
ventricular shunt. Wright stain, x 1,000 magnification. (Courtesy of Judith 
Brody, M.D., Northwell Health Laboratories, Lake Success, New York) 


in CSF. There are conditions in which they can be found in small 
numbers, such as inflammatory diseases, foreign body reactions, 
parasitic infections, convulsive disorders, and chronic myeloge- 
nous leukemia (CML).'* 


> ADVANCED CONTENT | 


Ependymal or choroid plexus cells that line the cerebral 
ventricles and choroid plexus, sometimes referred to as 
neuroectodermal cells, may be seen in CSF under cer 
tain circumstances. They are rarely seen in normal CSF 
obtained by LP in adults; however, they may occasionally 
be found in infants.'* These cells are medium in size and 
may appear in papillary clusters or sheets, or sometimes 
_ individually. The nuclei are the size of a small lymphe 
cyte, round to oyal in shape, with delicate, finely granulat, 


_ and evenly distributed chromatin. Nucleoli are not pr 
_ ent (Figs. 30-35 and 30-36). Their uniformity of nuclear 
size and appearance in sheets or as single cells are helpful 
features in their identification. Occasionally, the nucle 


may be pyknotic and eccentrically placed. The cytoplasm 


j gs 

i 4 
FIGURE 30-35 Ependymal or choroid plexus cells (ner pest bh Wa 
in sheet formation. Wright stain, «400 magnification.” ems 
Fluids Examination, Boston: ASCP Workshop 9294: 197" 


_ 


E 30-36 Papillary cluster of neuroepithelial lining cells. Wright 
X1,000 magnification. (Courtesy of Judith Brody, MD., Northwell 
Laboratories, Lake Success, New York.) 


to abundant, stains a gray-blue with the Wright 
iemsa) stain, and may contain vacuoles; the cyto- 
borders may be indefinite, and cilia may occasion- 
be present.'® Situations or conditions in which these 
be seen include CSF obtained by ventricular tap 
ga traumatic brain injury, brain surgery, ischemic 
hiarction, radiological procedures, and in children 
Grocephalus and ventricular shunts.'*’ It is impor- 
*cognize these cells because they can be mistakenly 
*¢ as malignant cells; however, they have no diag- 
nificance. 


igh Malignant cells can be seen in the CSF. 
Bhly (Wright-Giemsa)-stained CSF slide must 
Cells, ened for the presence of clumps of 
“Ing tered Presence of any large tissue cells should 
© be Ieee Picious for malignancy. Carcinoma cells 
Malignanc; Cohesive; they may simulate hematopoi- 

Y CN a Free tumor cells can originate from pti- 
breast, plasms or metastases from tumors of the 
dies astrointestinal tract, or melanoma. Cytol- 
ws are pevired for identification. Leukemic cells 
Majo, SUally Peed an initial finding, and their appeal 
Md cer the “ea established disease. Their infil- 
Rie barrie B Presents a treatment dilemma. The 
meats, all 'S almost impermeable to chemother- 
Seal op VINE the disease to progress uninhib- 
©Motherapy must be instituted to kill the 

any latent cells within the CNS from 
Ofte ute lymphoblastic leukemia involves 
en than acute nonlymphocytic leukemias 
RBCs are present, this could suggest 

. ee emination with leukemic cells; if n° 
ae 1% to 2% of blasts present may be 
: Olvement. Malignant lymphomas may 
rte Presence of lymphoma cells 19 the 
» 0-39. and 30-40). These may also be 
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FIGURE 30-37 Acute lymphoblastic leukemia in CSF; note the prominent 
nucleoli. Wright stain, X 1,000 magnification. (Courtesy of Judith Brody, 
M.D., Northwell Health Laboratories, Lake Success, New York.) 


FIGURE 30-38 Burkitt's lymphoma in CSF. Wright stain, * 1,000 magnifi- 
cation. (From Best, M. Body Fluids Examination. Boston: ASCP Workshop 


9294; 1990, with permission.) 


Cleaved lymphoma cells in CSF. Wright stain, * 1,000 mag- 


39 
FIGURE 30°3 Best, M. Body Fluids Examination. Boston: ASCP Workshop 


nification. (From 
9294; 1990, with permission.) 


It to differentiate from leukemic cells. The presence 


difficu s in the CSF shows a direct correlation 


of lymphoma cell 


bone marrow 
wi enphouss Any questionable cellular morphology must 


be reviewed by the pathologist 


eee 


involvement and leukemic conversion of 
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FIGURE 30-40 Lymphoma cells in CSF. Wright stain, x 1,000 magnifica- 
tion. (Courtesy of Judith Brody, M.D., Northwell Health Laboratories, Lake 
Success, New York.) 


Microorganisms Microorganisms may be present in CSF 
samples; they may be intra- or extracellular and must be dis- 
tinguished from stain precipitate. A Gram stain, performed by 
the microbiology department, is helpful in this situation. The 
most common yeast organism to infect the CNS is Cryptococ- 
cus neoformans. Cultures must be performed if any organisms 
are present. Viral cultures can also be performed, although 
these can take up to 7 days to obtain a definitive result. Some 
viral studies can now be performed using the polymerase 
chain reaction (PCR), which can provide results within a 
day. PCR is used to detect viral DNA in a specimen and is an 
extremely sensitive method. Viruses frequently implicated in 
CNS infection are Herpes simplex viruses (HSV), cytomega- 
lovirus (CMV), human immunodeficiency virus (HIV), and 
enteroviruses. 


Synovial Fluid 


The analysis of synovial fluid provides important information 
in the diagnosis of inflammatory and degenerative joint dis- 
eases. Age, as well as many inflammatory and pathological 
joint disorders, can alter the volume and composition of the 
synovial fluid affecting its function. An increased volume 
of synovial fluid is considered an effusion and classified as 
inflammatory or noninflammatory, septic, or hemorrhagic. 
Inflammatory responses caused by mechanical, chemical, 
immunological, or bacterial damage change its cellular and 
chemical constitution. The impaired function of the fluid may 
play a role in the development of degenerative joint diseases. 
Normal values for routine synovial fluid analyses are summa- 
rized in Table 30-7. 

Synovial fluid is most often analyzed when there is sus- 
picion of infectious (septic) arthritis or a crystal-associated 
disease of the joint (e.g., gout). A delay in diagnosing septic 
arthritis can lead to serious complications, which include joint 
destruction and long-term disability. Because there is no labo- 
ratory or radiological test that can rule out septic arthritis, this 
analysis is critical to the proper management of the patient.’* 
This condition is more common in children than adults, with 
the highest incidence occurring between 6 months and 3 years 


TABLE 30-7 Normal Values for Synovial Fluid 
Feature Description 


Appearance Transparent, colorless to straw-colored 


Physical Qualities © Colorless = 
Viscous; does not clot 

WBC Count. <200/pL - a aa 

Differential Neutrophils: <25%; remainder 3s lymphocytes, 


monocytes, synovial cells, macrophages 


None 
1-3 g/dL 


<10 mg/dL serum-fluid difference 


RBC Count 


Total Protein 


Glucose 


Crystals None 


Uric Acid 


Equivalent to normal serum level 


of age.??*° Trauma, which could introduce pathogenic organ- 
isms into the joint space, is a possible cause; however, an 
upper respiratory infection, otitis media, or other infected site 
can predispose the formation of septic arthritis, spread by the 
bloodstream. Other diseases may not be able to be diagnosed 
by synovial fluid examination alone; clinical history, physical 
examination, and radiological studies may also be necessary. 


Specimen Collection and Processing 

The analysis of synovial fluid begins with the aspiration of 
fluid in a procedure known as arthrocentesis; this must be 
performed only by trained medical professionals by aseptic 
technique. Arthrocentesis may also be used therapeutically, to 
alleviate increased intra-articular pressure, thereby removing 
inflammatory products and limiting potential joint damage 
(see Table 30-5). 

Testing needs to be initiated within 1 hour of collection 
unless the specimen is refrigerated. This timing is important 
due to cellular degradation and chemical changes that occur 
with time. If a sufficient volume of fluid is submitted, a ml" 
tine analysis should include an examination of a wet prepa 
tion for crystals, a cell count and differential analysis, a Oram 
stain and culture, and chemical analysis for protein and gl 
cose concentrations. 


Laboratory Analysis and Clinical Correlations 
Qualitative Analysis 

Once the specimen is received by the laboratory, it is ex 
ined grossly for volume, color, clarity, viscosity, and - 
formation. Normal synovial fluid is transparent, colorless 
cous, and does not clot. Viscous fluids can represent ir 
noninflammatory states and generally decreases with a? 
mation due to lytic enzymes that depolymerize the hyalur ot 
acid, This reduces the lubricating ability of the fluid, prom ; 


ing damage to the joint. If the physician requires the ae 
ment of fluid viscosity, it should be performed at the 
aspiration (not in the laboratory). 

The color of synovial fluid changes with the 
cess and is dependent on the quantity of albumin, 


7 — 


e disease po 
pilirub!™ 


‘ ris present. A normal fluid may be col- 
ored. Noninflammatory, inflammatory, and 
Bn have a yellow color due to hemoglobin 
BCs that enter the synovial cavity during 
from chromogenic products of bacteria 
‘ty, A traumatic aspirate will show streaks 
ye fluid Hemarthrosis—hemorrhage within a 
ces a homogeneously bloody fluid. This can be 
Mence. (C85 hemophilia) or a traumatic injury. 
1 is necessary to determine the origin of the 
nthochromic supernatant (similar to CSF) indi- 
‘eakdown of RBCs has occurred; a bloody or dark 
atant is suggestive of hemarthrosis rather 
ic aspirate or injury. 
ity also changes with the disease process. Tur- 
vases with inflammation caused by leukocyto- 
or cartilage debris. Septic arthritis produces a 
‘fluid caused by the presence of bacteria and pus. 
of crystals can create a cloudy, turbid, fatty, or 
ce. Large quantities of degenerated synovial 

ells can create the appearance of pus, commonly seen 
with RA. 
us clotting of fluid is observed in inflammatory 
Fibrinogen and other clotting proteins are acute 
, which can be present in synovial fluid. A 
ody fluid caused by a traumatic aspiration or trau- 
will produce spontaneous clotting due to plasma 
ahemorrhagic effusion would not clot. 


Microscopic Analysis 
pic examination of synovial fluid is crucial to 
the presence of crystals and leukocytes. Septic, 
; and noninflammatory effusions are classified 
a ee types of leukocytes present; the crystal- 
, ases are characterized by the presence of 
Pe Synovial fluid must be screened by perform- 
io ‘aa a drop of well-mixed, anticoagulated 
erslip pene Psonall y clean microscope slide with 
M jelly to © edges sealed with clear nail polish 
TOscopy ne revent drying. It is then examined by 
ology fecls, crystals, and other particulates. 
EDTA, aegeed will receive the fluid in tubes 
fluids a should prevent clotting, although 
Well mi Y form small clots if they are bloody 
Xed immediately following collection. If 
Partially clotted £ & pe 
Mpt sh ed, the cell count would be inac 
®Xamination ‘i uld be made at performing the mor 
Mn Be or the leukocyte differential, with the 
fluid jg © report and prompt physician notifi- 
Completely clotted, no analysis can be 


and RB 

— “ or oe be performed manually with @ 

‘ analy, in the specimen may clog the flow 

Counted Ts, and crystals or fat globules may 

= ee ler material. Viscous ay, be 
i © pretreated with either 0.0/9 

With resphate buffer (i.¢., one drop per milliliter 
©f lyophilized hyaluronidase to liquefy 
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_ aoe Fluids should be counted undiluted and allowed to 
le in the counting chamber for at least 30 minutes. If the 
appearance of the fluid suggests that dilution is necessary (1.¢-. 
bloody and/or turbid), only isotonic (0.85% or 0.9%) or phos- 
phate buffered saline must be used as the diluent. Other dilu- 
ents may contain acetic acid that will precipitate the hyaluronic 
acid, trapping cells and falsely lowering the cell count. If the 
fluid is bloody, it may be necessary to lyse the RBCs in a small 
aliquot of the sample with 0.3% saline or 0.1 N hydrochloric 
acid to count the nucleated cells more accurately.” RBCs are 
lysed so they do not overdilute the nucleated cells (i.e., the 
greater the dilution factor, the more error that may be intro- 
duced). A separate count must then be performed for the RBCs 
alone. A normal synovial fluid does not contain red blood cells; 
however, an RBC count less than 2,000/pL is considered nor- 
mal. The concentration of RBCs is rarely of clinical signifi- 
cance unless there is a need to determine whether a traumatic 
tap has occurred. 

The WBC count, derived from the differential analysis and 
total nucleated cell count, is necessary to classify the type of 
effusion present, but by itself is not diagnostic. A normal fluid 
will have less than 200 WBC/L. Noninflammatory effu- 
sions can contain 200 to 3,000 WBC/pL, and inflammatory 
effusions can contain 3,000 to 75,000 WBC/pL. Infectious 
disorders can contain 50,000 to 200,000 WBC/L, and the 
crystal-induced disorders are associated with WBC counts 
of 500 to 200,000/iL.‘ There is obviously a considerable 
amount of overlap to the leukocyte counts among disorders. 
The counts need to be considered in the context of the clinical 
presentation and, most importantly, the differential cell count 
and morphology, which is critical for differential diagnosis in 
synovial fluid analysis. 


Morphological Analysis 

Morphological examination is performed using Wright (Wright- 
Giemsa)-stained cytocentrifuge preparations. The cells that are 
normally present include lymphocytes, macrophages, and syno- 
vial cells. Neutrophils are also present but do not exceed 25% of 
the total cells. 

Abnormal synovial fluids can contain neutrophils, lym- 
phocytes (normal and reactive), plasma cells, eosinophils, his- 
tiocytes, macrophages, synovial cells, and LE cells. In acute 
inflammatory conditions, synovial fluid can contain many 
neutrophils and a moderate number of synovial cells; bacteria 
may also be present. In chronic inflammation, synovial fluid 
contains lymphocytes, plasma cells, and histiocytes. In RA, 
synovial fluid may contain many plasma cells and moderate 
numbers of lymphocytes, histiocytes, synovial cells, cartilage 
cells, and rarely multinucleated giant cells. 

Certain diagnoses can be suspected when comparing the 
BC count with the percentage of segmented neutro- 
phils present. If the differential count reveals 90% or more 
segmented neutrophils, then an infectious agent ts most likely 
present. A Gram stain and culture must be obtained; microor- 
ganisms can be seen in synovial fluid if present in sufficient 
numbers, and they should be considered to be intracellular 
organisms. However, if bacteria are absent on Gram stain, 
this would not exclude the possibility that there is sepsis in 
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FIGURE 30-40 Lymphoma cells in CSF. Wright stain, X 1,000 magnifica- 


tion. (Courtesy of Judith Brody, M.D., Northwell Health Laboratories, Lake 
Success, New York.) 


Microorganisms Microorganisms may be present in CSF 
samples; they may be intra- or extracellular and must be dis- 
tinguished from stain precipitate. A Gram stain, performed by 
the microbiology department, is helpful in this situation. The 
most common yeast organism to infect the CNS is Cryptococ- 
cus neoformans. Cultures must be performed if any organisms 
are present. Viral cultures can also be performed, although 
these can take up to 7 days to obtain a definitive result. Some 
viral studies can now be performed using the polymerase 
chain reaction (PCR), which can provide results within a 
day. PCR is used to detect viral DNA in a specimen and is an 
extremely sensitive method. Viruses frequently implicated in 
CNS infection are Herpes simplex viruses (HSV), cytomega- 
lovirus (CMV), human immunodeficiency virus (HIV), and 
enteroviruses. 


Synovial Fluid 


The analysis of synovial fluid provides important information 
in the diagnosis of inflammatory and degenerative joint dis- 
eases. Age, as well as many inflammatory and pathological 
joint disorders, can alter the volume and composition of the 
synovial fluid affecting its function. An increased volume 
of synovial fluid is considered an effusion and classified as 
inflammatory or noninflammatory, septic, or hemorrhagic. 
Inflammatory responses caused by mechanical, chemical, 
immunological, or bacterial damage change its cellular and 
chemical constitution. The impaired function of the fluid may 
play a role in the development of degenerative joint diseases. 
Normal values for routine synovial fluid analyses are summa- 
rized in Table 30-7. 

Synovial fluid is most often analyzed when there is sus- 
picion of infectious (septic) arthritis or a crystal-associated 
disease of the joint (e.g., gout). A delay in diagnosing septic 
arthritis can lead to serious complications, which include joint 
destruction and long-term disability. Because there is no labo- 
ratory or radiological test that can rule out septic arthritis, this 
analysis is critical to the proper management of the patient.** 
This condition is more common in children than adults, with 
the highest incidence occurring between 6 months and 3 years 


Appearance 


Physical Qualities 


Transparent, colorless to straw-colored 


Colorless 
Viscous; does not clot 


<200/pL 


WBC Count 
Differential 


Neutrophils: <25%; remainder as lymphocytes, 
monocytes, synovial cells, macrophages 


RBC Count None 


1-3 g/dL 


Total Protein 


Glucose 


<10 mg/dL serum-fluid difference 


Crystals None 


Uric Acid 


Equivalent to normal serum level 


of age.”**° Trauma, which could introduce pathogenic organ- 
isms into the joint space, is a possible cause; however, an 
upper respiratory infection, otitis media, or other infected site 
can predispose the formation of septic arthritis, spread by the 
bloodstream. Other diseases may not be able to be diagnosed 
by synovial fluid examination alone; clinical history, physical 
examination, and radiological studies may also be necessary. 


Specimen Collection and Processing 
The analysis of synovial fluid begins with the aspiration of 
fluid in a procedure known as arthrocentesis; this must be 
performed only by trained medical professionals by aseptic 
technique. Arthrocentesis may also be used therapeutically, to 
alleviate increased intra-articular pressure, thereby removing 
inflammatory products and limiting potential joint damage 
(see Table 30-5). : 
Testing needs to be initiated within 1 hour of collection 
unless the specimen is refrigerated. This timing is importatt 
due to cellular degradation and chemical changes that occuf 
with time. If a sufficient volume of fluid is submitted, a1 
tine analysis should include an examination of a wet prepa 
tion for crystals, a cell count and differential analysis, 4 Gram 
stain and culture, and chemical analysis for protein and glu- 
cose concentrations. 


Laboratory Analysis and Clinical Correlations 
Qualitative Analysis 2 : 
Once the specimen is received by the laboratory, tS vat 
ined grossly for volume, color, clarity, viscosity, oe a 
formation. Normal synovial fluid is transparent, colorless 
cous, and does not clot, Viscous fluids can represent inne 
noninflammatory states and generally decreases W ibe pic 
mation due to lytic enzymes that depolymerize the wee : 
acid. This reduces the lubricating ability of the fluid, pre’ a 
ing damage to the joint. If the physician requires the ime of 
ment of fluid viscosity, it should be performed at pee 
aspiration (not in the laboratory). cease pm” 

The color of synovial fluid changes with the es jirub™ 
cess and is dependent on the quantity of album! ie 
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debris present. A normal fluid may be col- 
e Banred. Noninflammatory, inflammatory, and 
. +e can have @ yellow color due to hemoglobin 
Cs that enter the synovial cavity during 
= or from chromogenic Products of bacteria 
tcavity. A traumatic aspirate will show streaks 
fluid. Hemarthrosis—hemorrhage within a 
Dances 8 homogeneously bloody fluid. This can be 
Bcase (e.g-, hemophilia) or a traumatic injury. 
‘on is necessary to determine the origin of the 
4 xanthochromic supernatant (similar to CSF) indi- 
W ‘preakdown of RBCs has occurred; a bloody or dark 
tant is suggestive of hemarthrosis rather 
natic aspirate or injury. 
also changes with the disease process. Tur- 
ses with inflammation caused by leukocyto- 
s. or cartilage debris. Septic arthritis produces a 
uid caused by the presence of bacteria and pus. 
ce of crystals can create a cloudy, turbid, fatty, or 
arance. Large quantities of degenerated synovial 
can create the appearance of pus, commonly seen 
ts with RA. 
eous clotting of fluid is observed in inflammatory 
Fibrinogen and other clotting proteins are acute 
tants, which can be present in synovial fluid. A 
ody fluid caused by a traumatic aspiration or trau- 
ury will produce spontaneous clotting due to plasma 

ahemorrhagic effusion would not clot. 


Microscopic Analysis 
copic examination of synovial fluid is crucial to 
the presence of crystals and leukocytes. Septic, 
¥, and noninflammatory effusions are classified 
2 and types of jeukocytes present; the crystal- 
Joint diseases are characterized by the presence of 
A fresh Synovial fluid must be screened by perform- 
Preparation; a drop of well-mixed, anticoagulated 
eee, an exceptionally clean microscope slide with 
.._P and the edges sealed with clear nail polish 
Ea Jelly to prevent drying. It is then examined by 

ake for cells, crystals, and other particulates. 

EDT. laboratory will receive the fluid in tubes 
3 oN which should prevent clotting, although 
~ 2Ot wel} iad form small clots if they are bloody 
en is p; xed immediately following collection. If 
artially clotted. the cell count would be inac- 
i; a Should be made at performing the mor- 
Md comment io” for the leukocyte differential, with the 
athe fli ©n the report and prompt physician notifi- 
a 'S completely clotted, no analysis can be 
: end RBC ¢ 
Ff auto, Deb 


“Ount can be performed manually with a 
. Within the specimen may clog the flow 
; apie and crystals or fat globules may 
ete: e 4S cellular material. Viscous fluids are 
+ iad Y can be . i: 0.05% 
~ 0 Dh © pretreated with either 0. 
“with g **sphate buffer (i.e., one drop per milliliter 


ini : ‘ 
Ch of lyophilized hyaluronidase to liquefy 
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the sample, Fluids should be counted undiluted and allowed to 
settle in the counting chamber for at least 30 minutes. If the 
appearance of the fluid suggests that dilution is necessary (1-¢-, 
bloody and/or turbid), only isotonic (0.85% or 0.9%) or phos- 
Phate buffered saline must be used as the diluent. Other dilu- 
ents may contain acetic acid that will precipitate the hyaluronic 
acid, trapping cells and falsely lowering the cell count. If the 
fluid is bloody, it may be necessary to lyse the RBCs in a small 
aliquot of the sample with 0.3% saline or 0.1 N hydrochloric 
acid to count the nucleated cells more accurately.” RBCs are 
lysed so they do not overdilute the nucleated cells (i.¢., the 
greater the dilution factor, the more error that may be intro- 
duced). A separate count must then be performed for the RBCs 
alone. A normal synovial fluid does not contain red blood cells; 
however, an RBC count less than 2,000/pL is considered nor- 
mal. The concentration of RBCs is rarely of clinical signifi- 
cance unless there is a need to determine whether a traumatic 
tap has occurred. 

The WBC count, derived from the differential analysis and 
total nucleated cell count, is necessary to classify the type of 
effusion present, but by itself is not diagnostic. A normal fluid 
will have less than 200 WBC/pL. Noninflammatory effu- 
sions can contain 200 to 3,000 WBC/,L, and inflammatory 
effusions can contain 3,000 to 75,000 WBC/L. Infectious 
disorders can contain 50,000 to 200,000 WBC/pL, and the 
crystal-induced disorders are associated with WBC counts 
of 500 to 200,000/L.4 There is obviously a considerable 
amount of overlap to the leukocyte counts among disorders. 
The counts need to be considered in the context of the clinical 
presentation and, most importantly, the differential cell count 
and morphology, which is critical for differential diagnosis in 
synovial fluid analysis. 


Morphological Analysis 

Morphological examination is performed using Wright (Wright- 
Giemsa)-stained cytocentrifuge preparations. The cells that are 
normally present include lymphocytes, macrophages, and syno- 
vial cells. Neutrophils are also present but do not exceed 25% of 
the total cells. 

Abnormal synovial fluids can contain neutrophils, lym- 
phocytes (normal and reactive), plasma cells, eosinophils, his- 
tiocytes, macrophages, synovial cells, and LE cells. In acute 
inflammatory conditions, synovial fluid can contain many 
neutrophils and a moderate number of synovial cells; bacteria 
may also be present. In chronic inflammation, synovial fluid 
contains lymphocytes, plasma cells, and histiocytes. In RA, 
synovial fluid may contain many plasma cells and moderate 
numbers of lymphocytes, histiocytes, synovial cells, cartilage 
cells, and rarely multinucleated giant cells 

Certain diagnoses can be suspected when comparing the 
total WBC count with the percentage of segmented neutro- 
phils present, If the differential count reveals 90% or more 
segmented neutrophils, then an infectious agent is most likely 
present. A Gram stain and culture must be obtained: microor- 
ganisms can be seen in synovial fluid if present in sufficient 
numbers, and they should be considered to be intracellular 
organisms. However, if bacteria are absent on Gram stain, 


this would not exclude the possibility that there is ‘sin 
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the synovial cavity. Bacterial organisms are more common; 
pathogenic yeasts are seen only rarely. If fluids have WBC 
counts in the range of 2,000 to 200,000/:L, with greater than 
50% neutrophils, a possible diagnosis of RA, SLE, or Reiter’s 
syndrome should be considered. Reiter’s syndrome is a reac- 
tive arthritis caused by intestinal bacteria that also affect the 
skin, eyes, and muscles. The presence of LE cells is sugges- 
tive of SLE but not diagnostic as they can also be seen in RA. 
Eosinophilia of the synovial fluid, defined as greater than 
2% of the total WBC count, can be associated with RA, rheu- 
matic fever, metastatic carcinoma, parasitic infestation of the 


joint, Lyme disease, radiological procedures, and radiation 
therapy.‘ 


> ADVANCED CONTENT 

Other types of cells that can be observed in inflammatory 
synovial fluids are known as RA cells and Reiter’s cells. RA 
cells are associated with RA but are not specific for a diag- 
nosis of RA. These cells may also be called “ragocytes” or 
“inclusion body cells.” These are neutrophils that may con- 
tain from | to 20 granules in the cytoplasm and are known to 
contain immune complexes such as IgG, IgM, complement, 
and rheumatoid factor. Reiter’s cells—also nonspecific 
and not diagnostic for Reiter’s syndrome—are vacuolated 
macrophages with intracytoplasmic inclusions or debris of 
ingested neutrophils, which may appear as unrecognizable 
blue material with the Wright (Wright-Giemsa) stain. 


Synovial lining cells are mononuclear cells with morphol- 
ogy resembling that of the mesothelial cells in serous fluids, 
Their nuclei may have small, regular nucleoli. They may 
become proliferative in a reactive setting similar to mesothe- 
lial cells. Reactive synovial cells may be multinucleated and 
may occur in clusters. Synovial lining cells may also be diffi- 
cult to differentiate from macrophages and histiocytes. Their 
presence does not have any specific diagnostic significance, 

Malignant cells can be seen in synovial fluid, although this 
is extremely rare; they are usually derived from metastatic 
disease. 


Crystal Analysis and Clinical Correlations 
Every synovial fluid sent to the laboratory for a cell count 
must be examined for crystals, especially if infection is not 
a consideration. This aspect of fluid analysis has the greatest 
effect on diagnosis and therapy. Extra cytocentrifuge slides 
should be prepared and left unstained to determine whether 
crystals can be seen before staining, If few crystals are pres- 
ent, phase-contrast or polarized light microscopy may be 
necessary to see them initially by wet preparation or cytocen- 
trifugation. Synovial fluids should be thoroughly examined 
for crystals, for at least 15 minutes, before they are reported 
as negative. Artifacts such as cell clumps or fibrin strands may 
obscure or trap the few crystals that may be present. 
Polarized light must be used for the detection and confir- 
mation of birefringence, which is the ability of a particular 
material to refract light (Fig. 30-41), This can be determined 
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FIGURE 30-41 Negative and positive birefringence in MSU and CPPD 
crystals, A — MSU crystal with grain running parallel to the long axis 
producing a negative (yellow) birefringence. B - CPPD crystal with 
grain running perpendicular to the long axis producing a positive (blue) 
birefringence. 


using a polarized light microscope that contains a rotating 
and a fixed filter. The rotating filter, known as a polarizer, 
is situated below the slide stage in the light path. A fixed 
filter, known as the analyzer, is located above and between 
the objectives and the oculars. Both filters will allow only 
light of one direction, or polarity, to exit. When the polar 
izer is rotated 90 degrees with respect to the analyzer, it 
ates a block, or maximum extinction of the polarized light, 
yielding a dark field. If the specimen contains birefringet! 
material, the direction of the light is refracted, allowing ths 
light to pass through the analyzer and is seen as 4 a 
particle or crystal against the dark field. Not all maten®® 
possess birefringent characteristics, but this attribute assists 
in identification of the particles present in the synovial bes 
Another filter, known as a red compensator, changes 
velocity of the transmitted light, allowing birefringent 
tals to display different colors depending on thelt gah ‘4 
in relation to the axis of the compensator. This Is ee 
further identify and confirm the existence of certalt 
of crystals. ped 
In addition, if unknown crystals are seen, Alizarin eset 
stain can be used to stain any calcium that may be yy 
in the crystals. A drop of the stain is added to 4 drop stals 
Synovial fluid, placed on a slide, and cover slipped cop) a 
containing calcium appear orange with light micro" 
bright red under polarized light 
Laboratories that perform crystal 
tion must use appropriate quality control mate 
polarized microscopes properly and for compar 


- dentific® 
analysis and ‘ : 
rials to." 


ative putt 


in identification. 


of crystal deposition are not well understood, 
isposing factors may exist such as increasing 
ce of joint damage, and familial inheritance. 
sgt include metabolic disorders, osteoarthritis (OA), and 

Fp saost common types of crystals that may be pres- 
SLE. ovial fluid include monosodium urate (MSU) and 
ent io pyroph osphate dihydrate (CPPD). Less common 
seals and artifacts also occur, which may be confused with 
orally significant synovial fluid crystals or interfere in 


their detection. 
jum Urate (MSU) Crystals 

esence of MSU crystals is pathognomonic for gout, 
2 acondition known as gouty arthritis. These aT are 
seen in the majority of patients during acute attacks. Between 
attacks, they may be seen in approximately 75% of patients.4 
They may also be present, occasionally, in cases of inflamma- 
tion. MSU crystals are typically long, thin, and needle-like with 
pointed ends. They may be seen singly or in aggregates; rarely, 
they may appear as spherules that are composed of clusters of 
many individual needle-shaped crystals.*' Some Wright-staining 
methods can cause MSU crystals to dissolve, which is why the 
wet preparation must always be examined first. These crystals 
may be found within neutrophils or macrophages during attacks 
ofacute gouty arthritis.**'-? It is important to report their appear- 
aie as intra- and/or extracellular; phagocytosis of crystals sug- 
| ‘@esis that they are responsible for the acute arthritis.” MSU 
" ‘Ssials are strongly birefringent and appear white in polarized 
‘eit, however, they lose their birefringence with compensated 
ion. These characteristics are sufficient to identify them 
crystals. If these crystals are parallel to the axis of the 
, they will appear yellow (negative birefringence), 
icular they will appear blue (Fig. 30-42). As previ- 
Mentioned, an increased concentration of uric acid in the 
and/or synovial fluid, even without the presence of MSU 
8, is diagnostic of gout. 

um Pyrophosphate Di! -e (CPPD) Crystals 
hd als are characteristically present in a group of 
# dso kn as CPPD deposition disease (CPDD).” It 
Systals WN as pseudogout or chondrocalcinosis. These 
Sen in — 4 common cause of arthritis, most frequently 
elderly, and in patients with degenerative arthritis. 


ight. The yeh 
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Is under c sated polarized I 
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Patients with hereditary forms of CPDD, as well as metabolic 
disorders, may also possess CPPD crystals. The symptoms 
of this condition may imitate gout or RA. Occasionally, a 
synovial fluid may contain both MSU and CPPD crystals; 

the presence of one does not exclude the other. This may be 

an indication of septic arthritis, especially if the WBC count 
is extremely elevated. These crystals may also be seen intra- 

and/or extracellularly. They can be more difficult to identify, 

typically appearing as short rectangular shapes, but they may 
also assume multiple three-dimensional forms such as rods 

and rhomboids, Needle-shaped forms are also possible, caus- 

ing misidentification as MSU crystals. They are more easily 

seen with light microscopy; they are only weakly birefringent 

and therefore may be difficult to see with polarized light. With 

compensated polarization, these crystals have the opposite 

appearance of MSU. They appear blue if parallel to the axis 

(positive birefringence) and yellow if perpendicular, thereby 

differentiating them from MSU crystals (Fig. 30-43). The use of 

Alizarin Red S staining will indicate the presence of calcium. 


Other Crystals 
Crystals of calcium oxalate may be found in the synovial fluid 
of patients with primary oxalosis, a rare inborn error of metab- 
olism, but is more commonly seen in patients with chronic 
renal failure who undergo hemodialysis. The deposition of 
these crystals causes arthropathy. The crystals appear as small, 
bipyramidal or pleomorphic shapes, with a wide variation in 
birefringence and stain positively with Alizarin Red S. 
Cholesterol crystals can be present in chronically inflamed 
joints and are not diagnostic of any particular disorder. They 
may also be found in chylous effusions that contain a high 
concentration of lipids. Although rarely observed, they are 
most often seen in cases of patients with long histories of 
RA,# OA, and ankylosing spondylitis.” Crystal formation is 
thought to involve the cholesterol from the cell membranes of 
degenerating cells associated with impaired drainage of the 
joint.‘ They have characteristically large, rectangular notched- 
plate shapes that are easier to see by regular light microscopy, 
although strongly birefringent with polarization. 


| 


3 
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\GURE 30-43 CPPD crystals under compensated polarized light. The 
A caystals are parallel to axis. (Photo courtesy of Kathy Finnegan.) 
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Lipids can exist in crystalline and noncrystalline forms and 
are typically found in both chylous and chronic effusions.‘ 
Noncrystalline lipids occur as fat globules that are round and 
nonbirefringent. Lipid crystals are round when seen by light 
microscopy. With polarized light, the crystalline forms appear 
as strongly birefringent Maltese crosses. Under compensated 
polarization, they appear as red and blue crystals. Lipid crys- 
tals can be mistaken for MSU spherules by an inexperienced 
analyst. However, observation under high-power magnifica- 
tion (X100 objective) would reveal they are not composed of 
numerous individual crystals. 


Artifacts 

Numerous particulates can appear in synovial fluid during 
microscopic analysis that are clinically insignificant and/ 
or not originally of synovial origin. These are known as 
artifacts and must be differentiated from clinically sig- 
nificant synovial particulates. Most artifacts such as dust, 
glass fragments, lint, and fibers can be avoided with the 
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use of clean microscope slides and Covers}; 
fragments, collagen fibrils, or fat globules 1s. Cari, 
due to a disease process or as a result of the Pres 
sis; metallic fragments may arise from art 
As previously mentioned, therapeutic intra-artic 
injections can cause the formation of crystalline Stenig 
Wright (Wright-Giemsa)-stained slides may oa 
precipitates. Artifactual crystals typically ae Sig 
appearances by regular light and polarized light Pale 
They do not have definite crystal morphology. » 
significant crystals have regular outlines with sate 
allel edges. Polarized light microscopy can take oat 
in differentiating artifacts from pathological crystals = 
commonly when starch granules enter the specimen ze 
surgical gloves. They appear as variably to strongly bite 
gent Maltese crosses, similar to lipid crystals, [pn addition 
they can be mistaken for MSU spherules. However stad 
granules have irregular outlines and a central depression 2 
ible by light microscopy. 


icular rs ett, 


SUMMARY CHART 


e Fluids from the thoracic and abdominal cavities are 
referred to as serous fluids; they are ultrafiltrates of 
plasma. 


e The pleural, pericardial, and peritoneal cavities are 
lined by a membrane composed of a single layer of 
mesothelial cells. 


e Normal pleural, pericardial, and peritoneal cavities do 
not contain appreciable amounts of fluid. 


e The subarachnoid space contains cerebrospinal fluid 
(CSF), which is a selective ultrafiltrate of plasma. 


e Joints (articulations) are enclosed by a joint capsule; 
the synovium or synovial membrane is composed of 
synovial cells. 


e Important terms: Thoracentesis = removal of pleural 
fluid; Pericardiocentesis = removal of pericardial fluid; 
Paracentesis = removal of peritoneal fluid; Lumbar 
puncture = collection of CSF; Arthrocentesis = removal 
of synovial fluid; Effusion = an abnormal collection of 
fluid in a body cavity; Transudates = effusions caused 
by a systemic disease state; Exudates = effusions caused 
by a primary pathological state within the compartment; 
Chylous effusions = exudates resulting from leaking or 
blocked lymphatic vessels. 

e Transudates result from increased capillary hydrostatic 
pressure or decreased plasma oncotic pressure, 

« Exudates result from increased capillary permeability 
and/or decreased lymphatic reabsorption. 

e All body fluid specimens must be processed immedi- 
ately upon receipt in the laboratory and all specimens 
are evaluated for the appropriate collection container 


and visually inspected for volume, color, clarity, and/or 
the presence of fibrin clot. Serous fluid is collected into 
EDTA for hematological analysis. 


e Laboratory tests performed by the hematology labo- 
ratory include total cell count and morphological and 
differential analysis. Synovial fluids are additionally 
evaluated for crystals. 


e Body fluid slides for morphological analysis are pr 
pared by cytocentrifugation. This method markedly im- 
proves the quality of the cell morphology obtained ba 
may create artifacts. These slides are used for the WBC 
differential count and for detection of any reactive of 
malignant cells. 


e CSF is collected into each of three to five sequentially 
numbered, sterile, nonadditive tubes. The tubes must & 
filled in numerical order 

ik, orange, or yellow color of te 

by the breakdown of hemoel 

o indicate a true CNS hemor 
vill occur, however, B® 

LP is not processed within 


e Xanthochromia = a ; 
CSF supernatant ca 
bin. It is usually thor 
thage. Xanthochromia 
fluid from a traumati 


of collection. : 
sco 
nt, colorless, vise 


¢ Normal synovial fluid is transpare 
and does not clot es igi 
* The analysis of synovial fluid provides ei 
mation in the diagnosis of inflammatory 
tive joint diseases. be pe 


¢ The most common types of orm (is) 
CPPD)- 


in synovial fluid include monosodi 
calcium pyrophosphate dihy drate ( 


A 50-year-old man with no prior medical history sought 
ical attention for flu-like symptoms. The patient has a 
current history significant for a persistent cough and fever 
of2 weeks’ duration. Antibiotic therapy was prescribed by 
the physician and the patient was sent home with the direc- 
tive to increase fluid intake and bedrest. After 2 days, severe 
Jeft-sided chest pain and shortness of breath developed. The 
tient was brought to the emergency room. A radiological 
exam revealed a collection of fluid in the left chest cavity. 
The fluid was withdrawn for analysis, and a simultaneous 
peripheral blood specimen was collected. 
The laboratory values obtained on the chest fluid and 


peripheral blood are indicated: 
Serum total protein: 6.0 g/dL 
Serum LDH: 50 U/L 
Fluid appearance: Thick, turbid, yellow 
Fluid total protein: 4.5 g/dL 
Total protein ratio: 0.75 
Fluid LDH: 40 U/L 
LDH ratio: 0.8 
Fluid WBC: 20,000/p1L 
Differential: Neutrophils = 90% 


Macrophages = 10% 
Many degenerating cells present 


QUESTIONS 

|. What is the name of the fluid collection in the chest 
Cavity? 

2. What is the name of the procedure to withdraw this 
fluid? 


CASE STUDY 30-2 


aod male child was brought to the emergency room 
complainin why he suddenly was refusing to walk and 
trauma, Ing of pain in his right leg. There was no history of 
ay due iad had been seen by his pediatrician earlier in the 
infection; er Presence of fever and an upper respiratory 
Antibiotic € Was diagnosed with otitis media, prescribed an 
tical on tm. 

"endemes, €xam in the emergency room revealed pain and 
ANd em! the right ankle. There was also some edema 
a any a X-ray exams of the lower extremities did not 

on ‘Sed or displacements, Laboratory tests were 
kn from 1S peripheral blood, and a fluid aspirate was 

the ankle. The results were as follows: 


. Is the fluid specimen identified as a transudate or an 
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exudate? 


. Is the fluid specimen chylous? 
. What further tests should be performed on the fluid 


specimen? 


. Are these findings representative of an acute or chronic 


reactive process? 


ANSWERS 


1. 


A fluid collection in the chest cavity is known as a 
pleural effusion. 


. The procedure to withdraw a pleural effusion is known 


as thoracentesis. 


. The pleural effusion collected is considered to be 


an exudate because the WBC count is greater than 
1,000/L, the total protein is greater than 3 g/dL, the 
total protein ratio is greater than 0.5, and the LDH 
ratio is greater than 0.6. 


. This specimen is not chylous, as the predominant cell 


type in the differential examination are neutrophils, 
whereas chylous effusions predominantly contain lym- 
phocytes. It could be considered pseudochylous by its 
appearance, but laboratory studies for triglycerides are 
not available. 


. Further tests to be performed should include a Gram 


stain and culture. 


. These findings are representative of an acute reactive 


process, which present with greater than 50% neutro- 
phils on differential examination. 


Peripheral Blood: 


WBC 26,000/2L 
Differential: Neutrophils = 75% 
Bands = 2% 


Lymphocytes = 19% 
Macrophages = 4% 


RBC parameters: Normal 

Erythrocyte sedimentation rate Elevated 

Plasma glucose: 96 mg/dl 

Fluid Analysis: 

Color: Yellow 

Clarity: Purulent 

wesc 22,000/p.L 

Differential Neutrophils = 95% 
Macrophages = 5% 

RBC 375,000/L 

Fluid glucose: 39 mg/dl 


Continued 
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CASE STUDY 30-2—cont’d 


PART 5 Select Laboratory Methods 


QUESTIONS 


de 


What type of procedure was performed to obtain 
the joint fluid, and what terminology applies to the 
specimen? 


. What abnormal results are present, if any, and what 


could they indicate? 


. What additional tests should be performed to aid in 


diagnosis? 


ANSWERS 


1. 


The procedure to obtain fluid from a joint space is 
known as arthrocentesis; the fluid collected is known as 
synovial fluid. 


. The child’s peripheral blood WBC count and erythro- 


cyte sedimentation rate are elevated but consistent with 
the presence of an acute upper respiratory infection or 
other inflammatory process. However, the fluid analy- 
sis reveals abnormalities in the clarity, cell counts and 
differential, and the glucose level. These parameters 


CASE STUDY 30-3 


A 50-year-old man with a history of alcohol abuse was seen 
in the emergency room for symptoms of nausea, vomit- 
ing, and abdominal pain. On physical exam, the abdomen 
appeared distended. A computerized tomographic (CT) 
scan of the abdomen revealed a collection of fluid. About 
1,200 mL of fluid was drained and portions were sent to 
the laboratory for analysis. Peripheral blood was collected 
simultaneously. The laboratory findings were as follows: 


Serum Values: 

Glucose 99 g/dL 

Total protein 7a/dL 

Albumin 4.0 g/dL 

LDH 60 U/L 

Fluid Analysis: Clear, pale yellow 
Glucose 100 mg/dL 

Total protein 1,9 g/dL 

TP ratio 0.3 

LDH 25 U/L 

LDH ratio 0.4 

Albumin 2.4 g/dL 

SAAG 1.6 

RBC 500/uL 

WBC 60/pub 
Differential: Neutrophils = 10% 


Lymphocytes = 80% 
Monocytes/Macrophages = 10% 
Atypical mesothelial cells seen 


indicate the presence of an active inflammato 

cess; a normal synovial fluid would not ¢ 
there would be less than 200 WBC/L, and neuen 
would not exceed 25% of the WBCs. The pr ay 
of neutrophilia (greater than 80%) would be highly 
suggestive of septic arthritis, regardless of the Wee 
count. Results can overlap disease Categories, and it ig 
possible for more than one type of disease Process to 
be present simultaneously. Clinical presentation ang 
the microscopic findings, most importantly the diffe. 
ential cell count and morphology, will determine what 
process is involved and what course of action should be 
taken. 

3. Additional testing must include examination of a Gram 
stain and culture of the fluid to identify the presence of 
bacterial organisms. If positive, this would point toa 
diagnosis of septic arthritis. 


TY pro. ™ 
Ontain RBCs 


QUESTIONS 

1. What type of procedure was performed to drain and 
collect the fluid, what body cavity was involved, and 
what terminology applies to the specimen? 

2. Is the fluid a transudate or an exudate? 

3. What process(es) could cause the production of this 
type of fluid? 

4. What is the SAAG and what is its significance? 

5. What does the presence of atypical mesothelial cells 
indicate? 


ANSWERS id 

1. Paracentesis is the proce jure to drain and collect fw 
from the peritoneal cavity. This collection of fluid 5 
known as a peritoneal effi:sion or ascites. The Ce 
fluid may be referred to as peritoneal fluid, paracel 
fluid, or ascitic fluid. 

2. This fluid is a transudate : 

3. Transudative ascitic fluids can be caused bye 
creased capillary pressure or permeability, 
colloid osmotic pressure, poor lymphatt aclu 
or cardiac abnormalities. Additional causes nae 
abdominal conditions that do not directly seat 
peritoneum, such as hepatic cirrhosis, Oe eae 
and portal venous obstruction, hypoalbum! is ef 
renal function, ovarian disease, pancreat’ nf 
parasitic infection. Alcoholic cirrhos!s e e cast 
of peritoneal effusion, which appea!s és produe® 
in this patient. Malignant disease ca? 


an effusion. 


y 30-3—cont'd 


case STUD 


the SAAG, oF serum-ascites albumin gradient, is a 


‘concentration from the simultaneously collected serum 

albumin concentration. This value is useful in differ- 

entiating whether the fluid is transudative or exudative 
in nature; transudative ascitic fluids have an SAAG 
significantly greater than 1.1 g/dL, whereas exudative 
fluids are found to be less than 1.1 g/dL. In addition, 

' patients with high-gradient ascites include those with 
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REVIEW QUESTIONS 


1. Aspecimen is sent to the laboratory labelled as “syno- 
Vial fluid.” What procedure was used to obtain the 
specimen? 

a. Thoracentesis 

b. Paracentesis 

c. Arthrocentesis 

d. Lumbar puncture 


a The presence of MSU crystals is pathognomonic for 
which disorder? 
4. Pseudogout 
b. Osteoarthritis 
©. Rheumatoid arthritis 
4. Gout 


3 Beets from cytocent« fugation can include 
Oval of nucleoli 
» Vacuolization 
© Removal of granules 
+ Decreased concentration of cells 


4. Fina; 
sanding a macrophage with hemosiderin in a CSF 
Ple indicates 
~ “Taumatic tap 
i Viral infection 
, acterial infection 
 “Smorrhage 


* Which j 
Ch is g 
'S another term for “ascites”? 
ural fluid 
' en ncentesis fluid 
4 : "Oneal fluid 
"Ieardia| fluid 


4, The , in 
~ value calculated by subtracting the ascitic fluid albumin 


. Which of the following is the cell type that forms 
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cirrhosis, alcoholic hepatitis, cardiac-related ascites, or 
massive liver metastasis. Low-gradient ascites are asso- 
ciated with peritoneal malignancies and nonmalignant 
diseases such as TB, pancreatitis, nephrotic syndrome, 
biliary disease, or connective tissue diseases. 


. The presence of atypical mesothelial cells are especial- 


ly seen in chronic effusions and in ascitic fluid associat- 
ed with cirrhosis. 


the lining of the pleural, pericardial, and peritoneal 
cavities? 

a. Epithelial 

b. Endothelial 

c. Mesothelial 

d, Ependymal 


. Which of the following best characterizes a 


transudate? 
a. Total protein greater than 3.0 g/dL; WBC less than 
1,000/.L 

b. Total protein less than 3.0 g/dL; WBC less than 
1,000/2L 

_ Total protein less than 3.0 g/dL; WBC greater than 
1,000/pL 

d. Total protein greater than 3.0 g/dL; WBC greater 
than 1,000/pL 


 Aturbid peritoneal fluid is collected from a patient 


with suspected peritonitis and a cell count is per- 
formed. A 1:100 dilution ts prepared, and 6 cells are 
counted in each of the 4 WBC corner squares of the 


hemacytometer chamber. What is the final total nucle- 


ated cell count? 
a, 37,500/pL 
b. 1,500/pL 

¢. 150/pL 

d. 6,000/pL 
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REVIEW QUESTIONS—cont’d 


10. 


PARTS Select Laboratory Methods 


9. Which of the following is a disadvantage of cytocen- 


trifugation in the preparation of body fluid slides? 

a. Cell differentiation is determined by Wright stain 

b. Cell differentiation is done on a concentrated 
preparation 

c. Peripheralization, distortion, and segmentation 
of nuclei 

d. Normal, reactive, and malignant cells can be 
identified 

Which of the following is contained in normal 

cerebrospinal fluid? 

a. Lymphocytes and ependymal cells 

b. Ependymal and choroidal cells 

c. Mesothelial and ependymal cells 

d. Erythrocytes and leukocytes 
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What is the purpose for laboratory assessment i : 
synovial fluid? 

a. Prevention of cardiovascular disease 

b. Identification of stroke patients 

c. Diagnosis of nervous system disorders 

d. Link to degenerative disorders 


Birefringence is 

a. Ability to utilize dark light 

b. Ability to refract light 

c. Ability to fluoresce 

d. Ability to reveal other components 


See answers at the back of this book. 
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LEARNING OBJECTIVES 


Evaluate the appropriate staining technique for 
evaluation of peripheral blood smear, identifying 


At the end of this chapter, the learner should be able to: 31-5 


31-1 Correlate erroneous analytical outcomes with fo hich 
; ‘ i onents visible by wh 
potential pre analytical or analytical causes, nk cellular components are made 
stains. 
31-2 Identify the acceptable specimen type and t 
4 i ste fore s for perce” 
anticoagulant for hematology analysis. 31-6 Identify the suggest rence ranges for pe 
4 ¢ ‘ é and absolute leuko« ounts. 
31-3. Describe the limitations associated with the use of ' 3 for the possible 
capillary blood for hematology analysis. 1-7 Evaluate patient hei ogy data fo 
A the use of a hemacytometer counti gaicofenemia: 
31-4 Assess the u unting : fic 
: , th the spec! 
chamber to perform manual erythrocyte, leukocyte, 31-8 Correlate hematology methods with 4 es 
anemic states that they are intended to de 


and platelet counts, including the areas used for 
counting each and formula used to calculate 
results. 


fr 
e 
31-9 Describe the potenti lications of abnormal Ls 


rocyte sedimentation rate results. 


tandard methods in hematology are a heterogeneous col- 

lection of tests that are utilized in the hematology labora- 
tory. Some of these methods may be performed on a routine 
basis, while others may serve as a backup method when au- 
tomation is not available or as a specialized test to confirm 
a particular type of anemia. The results of hematology tests 
aid the clinician in diagnosing a plethora of hematologic 
disorders, 


Analytical Phases of Testing 


2 phase 

/ ; three PP 
Laboratory testing can be broken down In! vp gdnere™ 
ical. Clos? gcou™ 


preanalytical, analytical, and postanalyt 
to lab protocol in all phases is crucial 10 PIN) gaill® 


: to 70790 6H 
results, Preanalytical lab errors contribute UP p) 


50, (0 * 


; » from !- 
errors, while postanalytical errors range {ro to 15% 


x aA at 8% 
Analytical errors have been documented at * 
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ytical phase of clinical testing is the most 
se of laboratory errors that involves collection, 
and handling of laboratory samples. Sample pro- 
qyal involving proper patient identification and labeling 
Beans under the preanalytical umbrella. 
also onl preanalytical complication involves the inad- 
: ae o introduction of IV fluid into the hematologic sample. 
; er anemic with a hematological profile that 
‘The fe ives reticulocytopenia, combined with thrombocy- 
-, and leukocytopenia. This anomaly is most frequently 
5 ae ted with a dilutional effect associated with improperly 
5 specimens from or above an IV catheter. The intro- 
duction of IV fluid dilutes the sample, causing decreases in 
cellular numbers. 
- Hemolysis represents another common preanalytical 
or 2 e a hematologic specimen. A small-bore needle 
used in phlebotomy, vigorous shaking, freezing, or forcing 
blood through a needle into a collection tube are the most 
‘common causes of specimen hemolysis. Hemolysis typically 
interferes with hemoglobin analysis in automated analyzers, 
‘thus serving as a helpful indicator when reviewing RBC indi- 
‘ces. Results in a hemolyzed sample tend to exhibit reduced 
ted blood cell count, hematocrit, and mean corpuscular vol- 
ume (MCV). An increased red blood cell distribution width 
(RDW), mean corpuscular hemoglobin (MCH), mean cor- 
—— hemoglobin concentration (MCHC), and platelet 
it are often present. 
Lipemia also erroneously affects sample analysis in hema- 
me is most often correlated with inadequate time 
200d collection aficr cating or too soon after parenteral 
2 lon of lipid emulsions to the patient. Lipemic 
Plasma contains high levels of triglycerides and chylomi- 
Tesulting in falsely increased hemoglobin and MCHC 
ith an MCHC greater than 36 g/dL should 
; a before releasing hematology results. 
eo! Phase involves the accuracy, precision, sen- 
to] a octty of a test performed. Daily quality con- 
: oe are wet to verify instrument accuracy 
ghout the day. 
ee and ine phase eodtcae data cepa 
Tpretation. Validation studies perform: 
comparing the year establish accurate data transmission when 
Tesults, pemeely. Zer printouts to the laboratory electronic 
“ompare aed Systems are programmed to automatically 
ag changes _ and current results (delta check) for signif- 
4 delta . CBC values. Significant changes observed 
aia and a be reassessed for error, sample integrity, 
Chang, ee Mbeling, or may be explained through 
atient. 


= ——————— 
a Why panKING QUESTION 
ice 1 ME Molysis of a specimen affect the RBC 


See ‘ces fesul 
Fn eers its? 


t : 
re ? all Critica! Thinking Questions at the back 
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Specimen Collection 


Blood collection for hematologic studies can be performed 
via venipuncture (blood collected from a vein) or by capillary 
Puncture (blood collected from the heel or finger). The anti- 
coagulant used most often in routine hematological methods. 
excluding coagulation analysis, is ethylene diaminetetraacetic 
acid (EDTA). There are many preanalytical steps to follow m 
the process of blood collection, such as patient identification, 
order verification of laboratory orders, and biohazard safety, 
to name a few. These steps, as well as venipuncture and capil- 
lary puncture methodology, are discussed here. 


Patient Identification 
Key identifying patient information varies between hospital- 
ized patients and those being treated in outpatient settings. 


Hospitalized Patients 
Hospitalized patients wear a wristband with the minimal 
following information: 


1. Julian date 

2. Patient’s first and last name, middle initial 
3. Medical record number 

4. Date of birth 


This basic information may be expanded depending on 
health institutional policy. All information should be cross- 
checked with the laboratory requisition form or labora- 
tory orders for each patient. If the patient ts not wearing 
a wristband, a nurse should be notified to verify patient 
identification. 


Outpatients 

For outpatients who have blood collected, the phiecbotomist 
should ask the patient to recite their full name and date of 
birth. The phlebotomist must check this information with the 
laboratory requisition form or physician's record of laboratory 
orders. 


Safety 

Universal precautions should be in practice at all times when 
collecting blood specimens.* This means that all ; 
should be handled as if they were infected with an infecti 
agent (e.g., human immunodeficiency virus). Such safety pre- 
cautions include wearing a new pair of gloves for cach patient 
washing hands between patients, and disposing of = 
contaminated supplies in a puncture-resistant biohazard con- 
tainer (sharps). 

Verification of Laboratory Orders 

With each request for blood collection and laboratory anal- 
ysis, there must be a laboratory requisition that is either 
written or contained in the laboratory information system 
(LIS). Information contained on the requisition is outhined 
in Box 31-1. The phiebotomist must verify that the patient 
information on the requisition form or specimen label is 
correct before blood is collected. This verification ens 
usage of appropnate anticoagulants for the tests t oe 
formed, the order of draw, as well as the volume of blood 
required. 
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Method 31-1. Venipuncture 

The most common anticoagulant used in the hematology labo- 
ratory is EDTA, and the most common technique for obtaining 
the specimen is venipuncture using evacuated tubes, which 
allow for collection of multiple tubes. 


METHOD 31-1 Venipuncture 


After aseptic cleansing of the antecubital fossa, 
a vacutainer needle is inserted into the patient's 
vein. An evacuated tube is placed into the 
vacutainer holder breaching the rubber sheath 
needle that facilitates flow of blood. 


EDTA-anticoagulated blood 


See the required equipment and steps for this 
procedure at www.fadavis.com 


Method 31-2. Capillary Blood Collection 

Capillary blood collection serves as an alternative to veni- 
puncture and is most appropriate when microsamples are 
needed, such as during point-of-care testing and when lesser 
amounts are required for traditional analysis. Additionally, 
capillary blood collection is preferred in infants and children 
less than 2 years old. In adults, capillary blood collection is 
the preferred collection method for patients with burns, when 
preserving veins for intravenous treatment such as chemother- 
apy, and when veins are inaccessible or fragile. 


METHOD 31-2 Capillary Blood Collection 


Using a standard skin puncture device, an aseptic 
area is punctured approximately 2.0 mm deep 
and a proximal area of skin is massaged to facili- 
tate adequate blood flow. 


Capillary blood 


See the required equipment and steps for this 
procedure at www.fadavis.com 


Capillary blood may contain interstitial and 
intracellular fluids that could contribute to inac- 
curate test results. Failure to disregard the first 
drop of blood introduces contaminants such as 
interstitial fluids and disinfectants (alcohol) into 
the sample. Difficulty in collection or increased 
pressure to increase blood flow can result in 
hemolysis. 


Labeling the Blood Specimen 
A properly labeled specimen is essential to patient care. The 
consequence of a patient being treated based on another 
patient’s results can be detrimental and sometimes fatal 
Many hospitals and laboratories have implemented preprinted 
patient labels that contain the information in Box 31-1. An 
example of a patient label is depicted in Figure 31-1. There 
are many varieties of barcode printers. 

The tubes in which blood is collected should be labeled 
after the blood is collected and not before; this reduces 


30X 31-1 Information Present on Laborator 


Requisition y 


* Patient's full name 
+ Age of patient 

+ Hospital number 
* Date/time of collection 

* Physician's name 

* Accession or specimen number 

* Location where order was placed 
+ Ordered tests 


"ee 


MR-000-57-9435 STIST 
SMITH, JONATHAN | 
DOB: 02/03/XX 24 yrsF  17SEPXX 


15U-064C12589 


10.00 mLLavender CPD 
HE 
SPECIMEN 
rere site: ee er 
FIGURE 31-1 Example of a specimen label with bar code. 
‘ : ed at Ue 
mislabeling errors. Sarnples collected must be air id 


bedside by the collecting phlebotomist. If preprint 


ce 
are not available, the patient’s first and last “ py 
record number, and date of birth must be written oe =i 
the tube of blood. Furthermore, the date and besa 
along with the phlebotomist’s initials must be inc’) 
Specimen Accessioning ent 
Once the specimen has been collected, it Is ne rol 
delivered to the hematology or appropriate der en ace - 
laboratory to be analyzed for testing. In Red ipt? . 
ing, the information on the printed label is © id of 


e . 

b i aie ith v 
LIS, which can be done manually or WP" ne itt 
code scanner. The patient identifters 


aa in the dl 
specimen was collected and received was the initials 


as we 


permanently entered into the LIS as We 
phlebotomist. 


\ cell Counts 
nts are performed ona hemocytometer count- 

coll Fig. 31-2), which is constructed so that the 
ys oa cen the bottom of the coverslip and the surface 
gistanee in chamber is 0.1 mm (Fig. 31-3). The surface 
ber contains two square-ruled areas separated by 
moat. These two squares are identical, allowing 
ologist to duplicate cell counts. Each has a total of 
mm on each side).4 These squares are divided into 
uares, each with an area of 1 mm? (1 mm on 
The four corner primary squares are used when 
Jeukocytes. These four corner primary squares are 
further divided into 16 smaller secondary squares, each with 
race of 0.04 mm. The four corner and center secondary 
; of the center primary square are used to count eryth- 
# ‘All 25 secondary squares of the center primary square 
‘are used to count platelets, and each of the 25 squares is fur- 
ther divided into 16 smaller tertiary squares (see Fig. 31-2). 
Traditionally, glass hemocytometers have been used for 


em 
mi MN 


Sm: 
Il i il 


hl Ht nn 
SS 


31-2 : 

rulings sae! Bright-Line double counting system with improved 
res of th is represents an enlarged view of one of the two 
SQuare “ounting a lemocytometer. The four corner primary squares are 
Suares ent ‘i ite blood cells. The arrows in the upper left comer 
feq (labeleg € Suggested counting pathway of cells. Five secondary 

bloog RBC) of th nti 
Mary go SEs. In pla e center primary square are used for counting 
Raoy pate are co, telet enumeration, all 25 squares of the center pri- 


co - 
fires. Sie (From Wedding, ME, Toenjes, SA: Medical Labo 


adelphia: FA Davis; 1998, p 277, with permission) 


HEMACYTOMETER 


"he 


Side View 


side view. 


34 
ea 
Mocytometer, 
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manual blood counts. Plastic disposable hemocytometers are 
also available with some offering options for automated enu- 
Meration. The use of the plastic hemocytometer has grown m 
the past few years due to not only being disposable but also the 
uniformity and ease of using the product. 

The boundary lines of the central primary square are either 
double or triple. When the boundary line is double, all the 
cells within the square and those touching the innermost 
line are counted. If the boundary line is triple, all of the cells 
within the squares and those touching the middle line inward 
are counted. 

Hemocytometers and coverslips should meet the specifica- 
tions of the National Bureau of Standards and are so marked 
by the manufacturer. A specific, standardized coverslip must 
be used that has been ground to fit the specifications of the 
hemocytometer, ensuring a uniform depth and, therefore, 
a constant volume. An ordinary coverslip must not be used. 
Manual cell counts are most often performed in cases of 
thrombocytopenia. 


Method 31-3. Red Blood Cell Counts 

Manual RBC counts are rarely performed on whole blood due 
to innate inaccuracy of counting such a large number of cells. 
They may, however, still be performed as part of the analysis 
of certain body fluids. 


EDTA-anticoagulated blood or capillary blood is 
diluted with sterile 0.9% sodium chloride. The 
diluted sample is loaded onto a hemocytometer 
for red blood cell enumeration. 


The hemocytometer be property filled to 
avoid erroneous results. The rule of counting 
must be followed to prevent falsely increased 


10°/L To convert mm? to 10°/L, multiply by a 
factor of 10°. 
Newbom 
Infanvchild 
Adult men: 
Adult women: 


44-58 X 10° 
33-55 X 10°/L 
47-61 * 10°/L 


42-54 * 10% 


31-4. White Blood Cell Counts 
The need for manual white blood counts is most often neces- 
yi body fluid analysis that requires specific enumeration 


i nn 
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of the cells present in the sample. Automated counters exhibit 
linearity levels as low as 0.1 X 103/L white blood cells. 
Clinically, a white blood cell count under 0.5 X 10°/pL or 
lower is considered critical and a specific number is not nec- 
essary. Thus, manual white blood cell counts are rarely used 
for peripheral blood analysis. 


METHOD 31-4 White Blood Cell Counts 


Manual white blood cell counts in peripheral 
blood require either free-flowing capillary or well- 
mixed anticoagulated venous blood. A measured 
volume of a blood sample is added to a specific 
volume of diluent that lyses the erythrocytes but 
preserves leukocytes. The diluted blood is added 
to the hemocytometer chamber. Cells are allowed 
to settle for 5 minutes before leukocytes are 
counted. 


EDTA-anticoagulated blood or free-flowing 
capillary blood 


See the required equipment and steps for this 
procedure at www.fadavis.com 


Increased WBCs are most often associated with 
inflammation and infections. 


The hemocytometer must be properly filled to 
avoid erroneous results caused by underfilling or 
overfilling. A markedly high leukocyte count may 
make accurate counting difficult, and a secondary 
dilution should be made. 


# of cells X Dilution factor 
(area X depth) 


= Manual cell count 


Reporting 
Results 


White blood cell count is reported in thousands 
per pL or 10°/L 


Reference 
Ranges 


Newborn 9,000- 9.0-30.0 X 10°/L 


30,000/pL 


5,000- 
21,000 pL 


5,000-— 
19,500/j.L 


6,000- 
17,500 jal 


6,200- 
17,000/jL 


4,800- 
10,800/jL 


1 week 5.0-21.0 X 10°/L 


1 month 5.0-19.5 X 10°/L 
6-12 months 6,0-17.5 X 10°/L 
2 years of age 6.2-17,0 X 10°/L 


Child/adult 4.8-10.8 < 10°/L 


Method 31-5. Platelet Counts 

Manual platelet counts are less often necessary since newer auto- 
mated analyzers exhibit linear limits down to 1,000 platelets/ 
L. Manual platelet counts may be necessary in the presence 
of large platelets or when automated analyzers cannot discern 
platelets in a sample. 


Principle 


METHOD 31-5 Platelet Counts 


Free-flowing capillary or wel}. 
coagulated venous blood is a 
ammonium oxalate diluent, 
the RBCs but preserves the 
blood cells, and nucleated 
diluted blood is added to a hemocyto 
counting chamber and all tes 


5 Owed to settle for | 
5 minutes before platelets are anaes ni 


Mixed anti 
dded to aly 
The diluent 
Platelets, White | 
red blood Cells The 


Specimen 


Free-flowing capillary or well-mixed OA | 
anticoagulated blood 


Procedure 


See the required equipment and step for th 
procedure at www.fadavis.com 


Interpretation 


ae — 
Decreased platelets are associated with bleed. | 
ing disorders, whereas increased Platelets are | 
associated with increased risk of thrombosis. | 


Limitations 


| 
1 


A delay in mixing blood sample (anticoagu- 
lated sample) may result in platelet lumping | 
and subsequent erroneous results. The hemo- 
cytometer must be properly filled; undertiling 
or overfilling may lead to erroneous results,n_ 
the event of platelet satellitosis (neutrophils 
ringed with adhesive platelets), obtain corect 
platelet counts by collecting a fresh specimen 
with sodium citrate as the anticoagulant. 


Formulas 


# of cells X Dilution factor _ yy, cell count 
(area X depth) 


Reporting Results 


Results are expressed as number of platelets 
per pL or mm? 


Reference Ranges 


CRITICAL THINKING @U2STION 


150,000-450,000/,L 


a 


31-2 What do you think ’s a major contributing factor to the 


use of disposable hemacytometer counting cha 


mbers 


over the traditional alass ones? 


Evaluation of 
A well-prepared peripheral blood smear P 
information concerning the patient’s hemato’ 
is a vital component of the CBC (complete bl ? 
slide preparation is warranted. This section es 
preparation and the Wright stain, as well 
white blood cell differential. 


Method 31-6. Slide Preparatio 
The wedge blood smear is the most 
tion in the hematology laboratory an 
nowsky stain, is the most common dye. 
smear provides valuable information ¢ 


; revi e 
hematologic status and is a vital compone™ 
r eparation 


plete blood count) in the event a slide p' 


f 
ipheral Blood sme? 
rovides val 
Jogic sams 

unt) 
mete 
i 


as determine 


n and Wright - 
common smeaf oe 
d Wright stain, i plow 
Aw ell-prep™ pe 
oncerning co 
nt of the : gi? 


or 150-450 x 10 


clide Preparation and Wright Stain 


Blood from an EDTA-anticoagulated 
specimen or capillary blood is applied toa 
standard glass slide using the slide-to-slide 
method. The blood smear is then stained 
using Wright stain. Blood smears are fixed 
using methanolic fixative solution to stabilize 
cellular components. Eosin Y is an anionic 
dye that stains cytoplasm pink to yellowish- 
red and methylene blue, which stains the 
nucleus and RNA blue? 


= EDTA-anticoagulated blood 
Fy See the required equipment and steps for 
this procedure at www-fadavis.com 


Interpretation Characteristic staining patterns are described 
in Table 31-1. 


Only precleaned slides should be used for 
staining blood smears. It may be difficult to 
differentiate cells and access cell numbers 

in a slide that is poorly made or stained. 
improper drying can also cause artifactual 
RBC morphology, such as rouleaux and burr 
cells. Stain should be free of precipitates to 
ensure they are not confused with inclusions, 
platelets, etc 


1-1 Romanowsky Staining Pattern 


Color 
Purple 
Blue 
Blue 
Pink 
Pink 
Pink 
Blue 
Gray-blue 
Dark-blue 
Pink 
Purple-black 
Pink~purple 
Pink-purple 
Red or purple 
Blue 
Purple 
Pink-purpie 
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Alternate Staining Options 

The Hematek® 3000 Slide Stainer (Fig. 314) is # popu- 
lar continuous feed platen-style stainer. It has lmmited pro- 
grammability but produces consistently stained smears. The 
Hematek® 3000 has positions for 25 slides on 2 metal plate, 
and slides are stained at a rate of one slide per minute. Thrs 
instrument has excellent reproducibility and is nearly marm- 
tenance free. The Wright's stain is contained in a “stain-pak™ 
from a variety of manufacturers and sits within the mstru- 
ment connected by stylets and tubing. The Wright stam 1s 
triggered to pump and deliver a precise amount of solution 
to the slide via peristaltic pumps. Once stained, the slide 1s 
rinsed and dried on the platen and eventually drops mto 4 
separate compartment. 

Dried smears can also be stained using an automated 
dip-style stainer such as a Millipore Sigma™ Midas™ Il 
Automated Stainer (Fig. 31-5). This type of staimer pro- 
cesses smears in batches. Stains are contained within res- 
ervoirs, and baskets containing slides are dipped imto each 
reagent specified by the defined program. These straimers 


SS 


\ eng 


FIGURE 31-4 The Siemens Hematek® 3000 automated platen slide 
stainer. (Courtesy of Siemens Medical Solutions USA, inc, Malvern, PA_ 


Milkpore Sagena MIDAS i Atomated Okp- style Skate 


FIGURE 31-5 ci 
Staines. (Photo Courtesy of Millapore Segena Company. Burlington MA. 
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can also be programmed to stain bone marrow slides and 
body fluid smears. Stain baths are changed daily or as 
slides can be stained as described earlier. Auto 


needed. 


Additional options employ centrifugal force or utilize 
sprayers to deliver reagents to smears. In centrifugal stainers, 


to hematology results. Staining may proceed after sk 
ration, if available. In instruments without ‘tikien « 

» Pi 
Mation Cay 


effectively reduce hands-on time, supplies, ang tum 
, “around 


time. 


slides are positioned within a spinning slide tray and stain is . 
applied at programmed intervals. Aero spraying instruments Method 31-7.The White Blood Cell Differential 
A total white blood count is generally informative, jy, 


deliver the staining reagents to smears on a rotating carousel. ; de 
Both methods are rapid and slide precipitate is minimal. differentiation of the white cells contributes to the abi) 


pee, ; : i 
for example, distinguish bacterial and viral infections 
om 


Automated slide makers/stainers may also be an integral ; 
allergies and malignant processes. The cells that are Preseny 


part of a hematology analyzer. These methods produce slides 


in a peripheral blood cell differential represent Physiologic 


on samples exhibiting lab-specified (abnormal) results, and : 
smear preparation (i.e., wedge angle) is adjusted inaccordance —_ responses as well as bone marrow activity. 


Principle 


METHOD 31-7 White Blood Cell Differential 


One hundred white blood cells are counted and classified on a Wright-stained peripheral blood smear using 
1,000 X (100 X objective) oil immersion magnification. 


Specimen 


EDTA-anticoagulated blood 
s 


Procedure 


See the required equipment and steps for this procedure at www.fadavis.com 


Interpretation 


Neutrophilia with a possible left-shift can indicate inflammation often due to a bacterial infection. Neutrope- 
nia can be seen due to medications, in the presence of toxins and in bone marrow replacement. Lymphocy- 
tosis, on the other hand, can be caused by viral infections, autoimmune disorders, and lymphoproliferative 
disease. Since monocytes are phagocytes, they can be seen increased in chronic infections and in a variety of 
disorders where increased cell death occurs. Eosinophilia can arise in response to an allergy, immunological 
reaction, or parasitic infection. Leukocyte morphology can be very indicative of a specific disorder whereas 
the presence of very immature cells in the peripheral blood are often associated with a bone marrow abnor 


mality that will need further investigation. om 


Limitations 


Improper slide preparation and/or staining can contribute to erroneous identification of cells. <a] 


Formulas 


Uncorrected WBC X 100 


WBC Correction for nRBCs = 
100 + nRBC nese 


Reporting Results 


Differentials are usually reported in percent cells and absolute cells. Absolute values may be expressed as 
RBCs/mm:? or RBCs X 10!2/L. To convert mm? to 10"/L, multiply by a factor of 10° Absolute counts remain Be 


more sensitive and specific indicator of blood cell population distributions tes EE 


Reference Ranges 


Relative counts 

Lymphocytes 20%-44% 

Monocytes 2%-9% 

Neutrophils 50%-70% 

Bands 2%-6% 

Eosinophils 0%-4% 

Basophils 0%-2% 

Absolute counts 

Lymphocytes 1.2-3.4 X 107/ub 12-34x 10" 

Monocytes 0.11-0.59 X 10°/pl 0.11-059% 10" 

Neutrophils 1.4-6.5 X 10°/pl 14-65% 108 

Bands 0-07 x 10°/ul 0-07 x ih 
0-0.5 x 10" 


Eosinophils 0-0.5 X 107/uL 
107 
Basophils 0-0,.2 X 10?/pL nue | 


TFHINKING QUESTION 


<O 


» but an abnormal absolute count? 


| 
fiOrre 


31-8. Hemoglobin Determination 


3 Hemogisbin Determination 


The absorbance of cyanmethemoglobin is 


Used to calibrate hematology analyzers.” 


EDTA-anticoagulated blood 


Procedure ot www.fadavis.com 


to have a normal relative count for a specif- 


Z, ods are used to detect and monitor anemia, 


n of the manual hemoglobin determination is rare 


Hemoglobin is oxidized to methemoglobin by 
the reagent potassium ferricyanide or Drabkin’s 

reagent. Methemoglobin is converted to cyanmet- 
hemoglobin in the presence of potassium cyanide. 


measured at 540 nm.* The cyanomethemoglobin 


Method is the internationally accepted method 


See the required equipment and steps for this 


Drabkin's reagent should be kept away from 
rect sunlight. Adding Drabkin’s reagent to 


double the result. 


Slightly lower hemoglobin levels may be normal in 
Some individuals and in pregnant or menstruating 
women. Low hemoglobin associated with disease 
States may be due to low production, immunolog- 
ical destruction, or increased or chronic blood loss. 


BE neles containing hemoglobin C or $ will yield 
ies Suspension and will fail to lyse the red 
a S. To circumvent this, add 5 mL of water to the 
for 5 id mixture and incubate at room temperature 
and Minutes. Read off of the spectrophotometer 


Results for 2 2 
hemoglobii ed in units 
Of g/d oglobin are report 


Beier 17-23 g/dl 

child: 9-14 g/dL 
14-18 g/dl 
12-16 g/dL 
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Method 31-9, Microhematocrit Determination 

The microhematocrit has largely been replaced by automna- 
tion, in which most analyzers calculate the hematocrit results 
using generated data. The microhematocrit test is useful in the 
diagnosis of anemia and polycythemia and is also suitable to 
monitor treatment response.* 


METHOD 31-9 Microhematocrit Determination 


EDTA-anticoagulated whole blood or 
capillary blood is centrifuged, and the total 
packed red cell volume is expressed as a 
percentage of the whole blood volume. 


EDTA-anticoagulated blood or capillary 
blood 


See the required equipment and steps for 
this procedure at www.fadavis.com 


A low hematocrit may indicate a decreased 
number of healthy red blood cells whereas 
a higher hematocrit may be seen in 
dehydration, hemoconcentration, or 
polycythemia. 

If capillary blood is used, the first drop 
should be wiped away in capillary blood 
collection to avoid contamination with 
interstitial fluid, which will dilute out the 
sample. 


If venous blood from a collection tube is 
used, ensure proper mixing is performed 
before filling the capillary tubes for accu- 
rate assessment of the red cell population. 


The buffy coat should not be included in 
the packed red cell volume reading. 


Dehydration will cause an increased hema- 
tocrit value. 


if the patient is on chloramphenicol or 
penicillin, a decreased hematocrit level can 
be found” 


The hematocrit is reported as a percentage 
of red cells to total blood volume. 


Newborn: 53%-65% 
Infant child: 30%—43% 
Adult men: 42%-S2% 
Adult women: 37%-47% 


Method 31-10. Red Blood Cell Indices 

The RBC indices are used to classify anemias based on the 
cell size and hemoglobin concentration of the red blood cells. 
These classifications are useful in the determination oes 
root cause of the anemia. The RBC distribution width (RDW) 
and mean platelet volume (MPV) values characterize the red 
blood cell and platelet populations, respectively. Wh <a 
RDW reflects the variation in size of red blood cell, the MPV 
represents the average size of platelets. 


OOO 
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METHOD 31-10 Red Blood Cell Indices 


The red blood cell indices include the mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) 
and mean corpuscular hemoglobin concentration (MCHC). The indices can be calculated from the red blood ie i 
count, the hemoglobin, and hematocrit values. While the RDW is a calculation derived from the MCV, the boy 
is determined from the arithmetic mean of the platelet histogram provided by the hematology analyzer. (See 


Chapter 32.) — peathersd 2 4 
Specimen EDTA-anticoagulated blood ee ae ic (ORED JoREH 5948 : 
Procedure See the required equipment and steps for this procedure at www.fadavis.com 


Determination of the MCV, MCH, and MCHC offers valuable information to characterize RBCs. The MCV reflects red 
blood cell size; thus, a higher MCV indicates macrocytic cells while a lower than normal MCV indicates microcytes, 
An MCV within reference values is normocytic. Meanwhile, the MCHC reflects the hemoglobin concentration, Thus 
alow MCHC specifies hypochromic red blood cells while a normal MCHC is normochromic. There is an ongoing 
debate whether hyperchromic red blood cells should be a classification. Therefore, if a patient has red blood cells 
that have a low MCV and a low MCHC, the anemia would be classified as microcytic hypochromic. This type of 
anemia is most often associated with iron deficiency. Table 31-2 provides additional information for anemia clas- 
sification based on the values of the indices. An elevated RDW may be seen on blood smears with varying degrees 
of anisocytosis. This parameter is useful in distinguishing iron-deficiency anemia (increased) from the hemoglo- 
binopathies (normal). The MPV may be increased in thrombocytopenia or inflammatory diseases involving the 
cardiovascular and renal systems, rheumatoid diseases, and in some cancers, and decreased in systemic lupus 
erythematosus, colitis, and neoplastic processes." 


Limitations The RDW may be the best indicator of anisocytosis in patients who have a dimorphic population or who have been 
transfused. In such cases, the MCV value can be normal with an increased RDW. 


Formaias mcv = Het 19 =f1 
RBC 


Hgb 
MCH="92 x 10 = 
RBG SED 


MCHC =19 , 100 =% 
Hct 


Reference Ranges MCV 80-100 fL 
MCH 28-31 pg 
MCHC 32%-36% 
RDW 11,5%-14.5% 
MPV 7.4-10.4fL 


TABLE 31-2 Classification of Anemia 
MCV (FL) MCHC (%) Classification 


Normocytic, 


Macrocytic, 
normochromic 


Method 31-11. Reticulocyte Counts 

Reticulocytes are immature RBCs that contain remnant cyto- 
plasmic ribonucleic acid (RNA) and organelles such as mito- 
chondria and ribosomes. Reticulocytes are visualized by staining 
with supravital stains that precipitate the RNA and organelles, FIGURE 31-6 Photograph of a reticulocyte using new methy 


forming a filamentous network of reticulum (Fig. 31-6), On stain. 


Jene plue 


«the reticulocyte appears polychromatophilic or 
t stain, ic blue-red cell. The reticulocyte is a means of 
ee ythropoietic activity of the bone marrow. Man- 
_ soos ted methods were found to be equally precise and 
salerinciical applications." 

; 4d 31-11A. Reticulocyte Counts Using the 


* 


of Disc 
Miller disc ocular method can be used to facilitate 
‘counting of large numbers of RBCs in a more concise 


Maturation Time for Reticulocytes 


| Reticulocyte@eunts 
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Standard Methods for Specific Anemias 
The standard hematology methods for specific anemias include: 


Sickledex™ 

Helena SPIFE® Alkaline Hemoglobin Electrophoresis 
Helen SPIFE® Acid Hemoglobin Electrophoresis 
Hemoglobin A, Determination 

Isoelectric Focusing 

Hemoglobin F Acid Stain 

Screening Test for Glucose-6-Phosphate Dehydrogenase 
Deficiency 

e Staining for Heinz Bodies 

¢ Screening Method for Detection of Red Cell Pyruvate Kinase 


Method 31-12. Sickledex™ (aka sickle solubility 
testing) 

Sickle cell disease is an autosomal recessive inherited muta- 
tion of the hemoglobin beta gene resulting in the production 
of hemoglobin S. This hemoglobin distorts the red blood cells 
into a crescent or sickle shape that affects red cell mobility 
through the smaller blood vessels. Additionally, there is an 
increased red blood cell turnover and persistent anemia. 


Ribonucleoprotein present in young red cells (reticulocytes) react with supravital stains such as new methy- 
jene blue or brilliant cresyl blue, forming a blue precipitate within the red blood cell. 


EDTA-anticoagulated blood 


See the required equipment and steps for this procedure at www.fadavis.com 


increased reticulocyte counts often reflect a regenerative process and are expected in anemic conditions, 
Low reticulocyte counts are often associated with a hypoproliferative bone marrow. 


A corrected reticulocyte count compares the patient hematocrit value with a normal hematocrit value. 


dex (RPI) is a result that accounts for the presence of “stress or shift” reticulo- 
ese premature reticulocytes contain more filamentous reticulum and result 
rculation. The RPI calculation considers the corrected reticulocyte count as 
e reticulocyte based upon patient hematocrit (see Table 31-3). 


The reticulocyte production in 
cytes in the peripheral blood. Th 
ina longer maturation time in ci 
well as the maturation time of th 


Id be analyzed within 72 hours of collection to avoid falsely decreased 


Samples for manual reticulocyte shou 
hibited stability up to 6 days when samples are refrigerated."* 


counts.'2 Automated methods have ex' 


Number of reticulocytes X 100 _ 9 reticulocytes 

1,000 Red cells 
Reticulocyte (9%) * Het (%) — corrected reticulocyte count 
45 
Reticulocyte (9%) RBC count (10"/L) _ absolute reticulocyte count 

100 

Reticulocyte (%) = [Het (2)/45] _ rp} 

Maturation time 
; rrected reticulocyte are reported as percentages, The absolute reticulocyte 


j nt and the co! 
The reticulocyte cou sin 10° of i 


count is reported as the number of reticulocyte: 


Reticulocyte Count 

Newborn: 2:5%-6.0% 

Adult: S582 

Absolute reticulocyte count: 44-00 050M 
3 of greater 


RPI 
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METHOD 31-11A Reticulocyte Counts Using the Miller Disc 


Principle Using the Miller ocular disc, reticulocytes and mature red cells are separated and counteq i 


of the disc. Using a factor of 9, reticulocytes can be easily calculated. 1 Separate Saar, 
Specimen EDTA-anticoagulated blood eens | ; 
Procedure See the required equipment and steps for this procedure at www.fadavis.com i | 
Interpretation Ree: i increased reticulocyte courts often reflect a regenerative process and are expected in anemic condition, r: | 


reticulocyte counts are often associated with a hypoproliferative bone marrow. 


The reticulocyte production index (RPI) is a result that accounts for the presence of “stress or shift” 
in the peripheral blood. These premature reticulocytes contain more filamentous reticulum and re 
maturation time in circulation. The RPI calculation considers the corrected reticulocyte count as w 
ration time of the reticulocyte based upon patient hematocrit (Table 31-3). 


Feticulog 
Sult in lon, 
ell as the Maty. | 


Limitations Samples for manual reticulocyte should be analyzed within 72 hours of collection to avoid falsely detach ~ 
counts." Automated methods have exhibited stability up to 6 days when samples are refrigerated, | 


Formulas #Reticulocytes X 100___ 9 reticulocytes 
Total RBC in smaller square X 9 


Reticulocyte (%) x Hees) = corrected reticulocyte count 


Reticulocyte ((%) x RBC count (10° /L) pee count (10"/L) _ absolute reticulocyte count 


Reticulocyte (%) [Hct (%)/45] _ pp) 


Maturation time 


Reporting Results The reticulocyte count and the corrected reticulocyte is reported as a percentage. The absolute reticulocytes 
count is reported as the number of reticulocytes in 10°/L of blood. 


Dncterente Ranges Reticulocyte Count 
Newborn: 2.5%-6.0% 
Adult: 0.5%-2.0% 
Absolute reticulocyte count: 24-80 X 10°/L 
RPI 3 or greater 
METHOD 31-12 Sickledex™ ae 
Principle Red blood cells are lysed by a surfactant and the released hemoglobin is reduced by os hydrosulfite. While reduced 


hemoglobin A is soluble in this medium, hemoglobin S is insoluble and forms a turbid suspension in phosphate solution. 
Both sickle cell disease and sickle cell trait can be detected with the Sickledex™ test." 


Specimen EDTA-anticoagulated blood 
Procedure See the required equipment and steps for this procedure at www.fadavis.com : 
Interpretation Positive: If hemoglobin S or another sickling hemoglobin is present, the solution will be turbid and the dark lines of the 
reading rack will not be visible when viewing through the tubes. 
Negative: If no sickling hemoglobin is present, the solution will be clear to slightly doudy and the lines of the tube reading 
rack will be visible through the tubes, Both positive and negative reactions are illustrated \» Figure 31-7. 
Limitations False positives are possible with increased hematocrit or leukocytosis. Hyperglobul inemia and hyperlipidemia m2y = 
appear turbid, resulting ina false positive reading. Patients with multiple myeloma « er plasma cell dyscrasias esl 
false-positive results. Patients with hemoglobin variants such as hemoglobin C.__ or ¢ may yield posite e 
hare yetown 
nF. Patien™ 


False-negative results are possible in infants younger than 6 months of age or with elevated levels of hemoglobi 
with hematocrit levels below 15% may appear falsely negative. A patient who has been recently transfused m4 
false-negative results. 


yield 


Reporting Results Results are reported as positive or negative, 


GURE 31-7 Positive (left) and negative (right) results of sickle solubility 
test. 


31-13. Helena SPIFE® Alkaline 
Hemoglobin Electrophoresis 
Alkaline hemoglobin electrophoresis is the first confirmatory 
test following a positive sickle solubility test. It is also used to 
aid in identification of other abnormal hemoglobins seen in a 
variety of hemoglobinopathies and thalassemias. 


Method 31-14. Helena SPIFE® Acid Hemoglobin 
Electrophoresis 

Acid hemoglobin electrophoresis is performed following an 
inconclusive alkaline. This procedure is utilized to confirm 
the presence of abnormal hemoglobin S and/or C, as no other 
hemoglobins migrate in the same position with this process. 
Method 31-15. Hemoglobin A, Determination 

The quantification of hemoglobin A, is important in diagnosis 
ofbeta thalassemia. This test would most likely be considered 
reference lab procedure, as most hospitals do not have the 


to warrant the equipment purchase. 
Method 31-16. Isoelectric Focusing 
focusing (IEF) is a technique used to separate 


Molecules 


_~ wes based on their isoelectric point. The isoelectric 
molecule carries no net electrical 
bile in an electrical field. To have 


a 2 
sharp 'Soelectric point. a molecule must be amphoteric, 


roteing pa have both acidic and basic functional groups. 
that amino acids are common molecules that meet 


iuiement and therefore can be subjected to isoelectric 
8 for separation 

7: Hemoglobin F Acid Stain (Modified 
a oLlobin > Test) 


'S Composed of alpha and gamma proteins 
Prote: m, “aig form of sales hs present in fetal and 
mains and po, Hemoglobin A consists of alpha and beta 
The age of Sradually becomes the prevalent hemoglobin 

- Hemoglobin F amounts level out below 2% 
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METHOD 31-13 Helena SPIFE* Alkaline Hemoglobin 
Electrophoresis 


Small samples of hemolysates prepared from 
Packed cells are automatically applied to the 

SPIFE alkaline hemoglobin gel." The hemoglobins 
in the sample are separated by electrophoresis 
using an alkaline buffer and are stained with acid 
blue stain. The patterns are scanned on a densi- 
tometer and the relative percentage of each band 
is determined. 


EDTA-anticoagulated blood 


See the required equipment and steps for this 
procedure at www.fadavis.com 


The hemoglobin gels may be inspected visually 
for the presence of hemoglobin bands. The 
Helena Hemo controls provide a marker for the 
band identification. The controls AA, and AFSC 
Hemo Control should be used as markers for 

the location of hemoglobin bands. Hemoglobin 
electrophoresis on cellulose acetate and citrate 
agar is depicted in Figure 31-8. In addition, the 
relative percentage of each hemoglobin band can 
be determined by scanning the dried gels in the 
densitometer using a 595-nm filter. 


Interpretation 


Citrate agar electrophoresis may be necessary 
to confirm abnormal hemoglobins, whereas 
anion-exchange column chromatography is a 
more accurate method for quantitating HgbA_. 


Hemoglobin relative concentration is reported 
as a percent compared with the hemoglobin 
proteins detected in the analyzed sample. 


Birth: 100% Hgb F 
98% Hgb A 
3.5% Hgb A, 
<2% Hgb F 


Adult: 


after the age of 10. Identification of fetal red blood cells in 
the peripheral blood of a pregnant woman forewarns pos- 
sible maternal antibody development against the fetus. In 
these cases, antibody development can be prevented through 
RhoGAM® administration. 


Method 31-18. Screening Test for Glucose-6- 
Phosphate Dehydrogenase Deficiency 
Glucose-6-Phosphate Dehydrogenase deficiency is a 
genetic mutation of the G6PD gene. G6PD normally pro- 
tects RBCs from harmful by-products of cellular metab- 
olism. Decreased or absence of G6PD results in varying 
levels of hemolytic anemia. Glucose-6-phosphate dehydro- 
genase deficiency remains the most prevalent enzyme defi- 
ciency in the world. *" 
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CELLULOSE ACETATE pH 8.4 


Normal 

Sickle trait 
Hemoglobin D trait 
SC disease 

SE disease 
Normal cord blood 
C Harlem trait 
Control 


CITRATE AGAR pH 6.0-6.2 


———s 
Normal 


Sickle trait 
Hemoglobin D trait 
SC disease 

SE disease 
Normal cord blood 
C Harlem trait 


Control 


o = Designates origin 


Oomgo>r 


A2 
FIGURE 31-8 Comparative hemoglobin electrophoresis. Hemoglobin 


electrophoresis on cellulose acetate and citrate agar, indicating patterns 


of mobility. The width of the band is not indicative of hemoglobin 
concentration. 


METHOD 31-15 Hemoglobin A, Determination 


Specimen EDTA-anticoagulated blood 


Procedure 


due to the ionizing properties of the component amino acids, In the anion-exchange chromatography of 
and pH levels are controlled to cause different hemoglobins to possess different 
charged proteins are attracted to the positively charged cellulose and bind ac 
removed selectively from the resin by altering the pH or ionic strength of the elution buffer. Beca 
resin and the ionic strength of the HbA, developer, HbA, does not bind to the positively charged cel 
as the developer moves through the column. The other normal and most abnormal hemoglobins ar 
resin, The HbA, fraction is compared with a total hemoglobin fraction by determining the absorbanc 
spectrophotometer and then calculating the percentage of HbA.. 


METHOD 31-14 Helena SPIFE® Acid He 


Electrophoresis MOglobin 


Principle 


Very small samples of hemo} 
pared from packed cells are a 
applied to the SPIFE Aciq H 
The various hemoglobin 
sample are separated by 
using a citrate buffer an 
blue stain. 


v EDTA-anticoagulated blood 


" Pre. 
lu ‘Omari | 
Cal | 
EMglobin y 
Proteins inthe 
Sector 
Stained with 
a 


Specimen 


Procedure 


See the required equipment and ste 
this procedure at Www. fadavis.com DS fog 


Interpretation The hemoglobin gels should 
visually for the presence of abnormal 
hemoglobin bands (see Fig. 31-8), G| 
hemoglobin migrates with HbF. The a = 
AFSC Hemo Control provides a naterty 
band identification. This control should 
be run on each SPIFE Acid Hemoglobin 
gel. The control verifies all phases of the 
procedure and acts as a marker to aid inthe 
identification of the hemoglobins inthe 
unknown samples. 


be iNspecteq 


Limitations Anion-exchange column chromatography | 


is the most accurate method for quan- 
titating HgbA. Low levels of HgbF may 
be accurately quantitated using radial 

immunodiffusion. 


Reporting Results 


Each hemoglobin fraction is reported asa 
percent of the total hemoglobin proteinin 
the sample. 


Reference Ranges 


Birth: 100% Hgb F 


Adult: 98% Hab A | 
3.5% HgbA, 
<2% Hgb F 


Be aT 
Ss ieee hw 


Principle Although hemoglobin A, makes up a mere 3% of total adult hemoglobin, quantification of Hgb A, isan important 
approach in the diagnosis of beta thalassemia trait.” The Helena Beta-Tha! HbA_ protocol isa chromatographic 
approach to identify and differentiate various hemoglobin proteins." In this me thodology, an anion-exchange es" 
is composed of cellulose covalently coupled to small positively charged molecules. The positively charged se 
attracts negatively charged molecules. Proteins, such as the hemoglobins, contain many positive and pore’ 


tively 
vet negative charges. These neg? 
ordingly. After binding, 
oe use of the pH uted 
Julose and is a 
e retain 
e of eat! si 


See the required equipment and steps for this procedure at www.fadavis.com 


— 
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Hemoglobin A, Determination—cont'g 


Results of HDA, should be interpreted in conjunction with 

and lab findings Any value between 3.5% and ti Jere thstory, total hemoglobin values, and other clinical 
8% indicate Presence of additional hemoglobin variant ah CE Con ee 
Failure to completely resuspend the contents of the 1, G, S, of SG hybrid. 

allowed after resuspension for the formation of column Cause slow flow and erroneous results. Time must be 


may 
bubbles may be removed with a Pasteur pipet 2 distinct interface between the resin and supernatant. Any trapped 


‘ Any disturbance of the resin during the procedure 
i May Cause erroneous results. No i 
L Blues Fe Hee fhe cokarwn stops Rowing untlthe devopert added othatthershdcnandvoa. 
Een abrones hemoglobin proteins (HBS, CE, 0, E.G S-G hybrid are eluted with HBA, i this method. The presence 
= lapecote ie Proteins should be confirmed by electrophoretic techniques. HbF does not interfere with 


The amount of hemoglobin A, present is reported as a percentage. 
HbA, range = 2.2% to 3.3% 


16 Isoelectric Focusing 


Ata pH below the isoelectric point (pl), proteins carry a net positive charge. Above the pl, they carry a net negative charge. The 
PH of an electrophoretic gel is determined by the buffer used for that gel. If the pH of the buffer is above the pl of the protein 
being run, the protein will migrate to the positive pole. If the pH of the buffer is below the pl of the protein being run, the pro- 
tein will migrate to the negative pole of the gel. If the protein is run with a buffer pH that is equal to the pl, it will not migrate 
at all. By using ampholyte buffers in the pH range of 6 to 8, the separation and identification of abnormal hemoglobins are 
Possible based on migration of proteins based on their isoelectric points.” 


EDTA-anticoagulated blood or heparinized blood 
See the required equipment and steps for this procedure at www.fadavis.com 


HbE and HbO-Arab migrate slightly anodal to HbA, HbG-Philadelphia and HbD-Los Angeles are separated from HBS as is 
Hb,___. HbA and HbF are clearly separated from each other, allowing identification between sickle cell trait, sickle cell anemia, 
and HbS/@-thalassemia (Fig. 31-9). The AFSC Control and AA, control should be run with each gel. Dilute the AFSC Control 1-2 


with hemolysate reagent before use. 

HbG_.._ and HbG,_. cannot be distinguished from HbS. 
Hw Hb, and Hb,.,.., cannot be distinguished from HbA. 
HbE, HbC._ HbO, .., and Hb, cannot be separated. 


If the gels exhibit drying under low ambient 
Migrate in an arched manner if the concentration 
the problem. htly slower rate than the control. Older samples may electrophorese 


from fresh whole blood may electrophorese at a slig Spec hradd he conan’ 
at slighty faster rate than the con cnt ont prom 5 PSS Be ASSES 
lid, 


— comparison wi controls. All hemoglobin identified 
Hemoglobin variants are identified by their relative location 3 ea 


as present. 
' order of abundance from most abundant to least 
Newbom; HbF, HbA 
Infant; HbA, HDF, HbA, 
Adult; HbA, HbA, HDF 
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— 
—_ 


— — = 
a4 G Philadelphia 


ie — — SS D Los Angeles 


HbA; 4 
oe aS woe O-Arab, E 


Constant 
Spring — 
pring A> 


pH 8.0 Cathode 


a - denatured Hb 

b - ferrous/ferric hybrid 
¢ - ferrous/ferric hybrid 
d- methemoglobin 


FIGURE 31-9 Schematic of isoelectric focusing pattern. (Helena 
Laboratories, Beaumont, TX.) 


METHOD 31-17 Hemoglobin F Acid Stain (Modified 
Kliehauer-Betke Test) 


Red cells containing fetal hemoglobin are 
resistant to acid elution, whereas red cells 
containing hemoglobin A will appear as ghost 
cells on exposure to acid. 


Principle 


EDTA-anticoagulated blood 


See the required equipment and steps for this 
procedure at www.fadavis.com 


Any value not reported as zero (0) is abnormal 
and indicates a fetal-maternal hemorrhage.” 


Interpretation 


Limitations Hematologic disorders (e.g., thalassemia) may 
produce increased levels of fetal cells. 

The degree of elution of adult hemoglobin 
may vary from patient to patient. 

Lymphocytes may take up stain in varying 


degrees, albeit less than fetal cells. 


To determine the percentage of fetal cells to 
adult cells, divide the total number of fetal cells 
counted by the number of adult cells counted. 


For example: 
If 25 fetal red blood cells and 4,000 adult cells 
are counted: 


25/4,000 X 100 = 0.6% fetal cells. 


Fetal cells are reported as a percentage of 
fetal cells in maternal blood. 


Reporting Results 


Reference Ranges Fetal cells in maternal blood = 0. 


Principle 


Specimen 


METHOD 31-18 Screening Test for Glucg 
Phosphate Dehydrogenase Deficiency 


5€-6. 


Glucose-6-phosphate (not f 

is oxidized to &Phosphog UOT any 
(fluorescent), and NADP is ite: 
to NADPH in the Presence i 
6-phosphate dehydrogenas, ie. 
from the red cell hemolysate Gay 
cells also contain Ephosphe 
which reduces more Napp i 
when activated by Uy light ih 
vivid fluorescence. Spot aide a 
rescence is a common meth 


Venous blood 


Odolagya 


Procedure 


See the required equipment aNd sen 


fAden avis co 


Interpretation 


Classify the G6PD activity of each 
sample by the level of fluorescence 
observed (Fig. 31-10), 

+ Normal G6PD activity: G6PD activi 
exhibits moderate to strong Pg 
rescence after 5 minutes and s 
fluorescence after 10 minutes. 

+ Intermediate G6PD activity: Weak 
fluorescence after 5 minutes 
and moderate fluorescence after 
10 minutes. 

* Deficient G6PD activity: Weak or 
no fluorescence after 5 and 

10 minutes. 


Limitations 


Reporting Results 


Reference Ranges 


Time 0 Smin 


FIGURE 31-10 The G6PD f 


blood in in-vitro screening test 
ultraviolet light at 365nm wavele 
fluorescence at all time points, @ 


fluoresce. 


Blood with a hematocrit below 25% 
contraindicated. If anemic blood sam- 
ples are tested, adjust the hematoct 
within 40% to 45%. 

G6PD activity is semi-quantitatively 
reported as Normal, Intermediate, o 
Deficient. 


G6PD activity should be normal. 
Sag cba das Redes catia 


10 min 


‘2 


Normal 


GaPD cele 


fai 
scent spot test Is @ cape 
The results are viewed ¥ oe 
jth. A normal patient" vase 
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nd a G6PD deficient sam 
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4-19. Staining for Heinz Bodies 


Staining for Heinz Bodies 


Heinz bodies are denatured hemoglobin pre- 
cipitated in the RBC and attached to the RBC 
membrane. The presence of Heinz bodies is 
evidence of oxidative damage to hemoglobin 
and is associated with the most common RBC 
enzymopathy, G6PD.” Heinz bodies are not 
visible with Wright's stain but can be visual- 
ized using supravital stain (crystal violet) and 
phase microscopy (Fig. 31-11). 


EDTA-anticoagulated blood 


See the required equipment and steps for this 
procedure at www.fadavis.com 


Heinz bodies are precipitated hemoglobin 
and appear as irregular, refractile, purple 
inclusions, 1 to 3 jm in diameter, located on 
the periphery of the cell. They may even 
seem to be outside the cell. The presence of 
Heinz bodies indicates oxidative denaturation 
of hemoglobin. Reticulocytes are not stained 
by this technique. 


Heinz body stains performed with supravital 
stains necessitate differentiation between 
Heinz bodies and reticulocytes. 


Heinz bodies are reported as present or none 
seen. 


No Heinz bodies observed. 


od 37. 
Cal Py : Screening Method for Detection 
Minos, vvate Kinase 
"els nergy +S an essential enzyme in glycolysis that 
ly ulti “a Ted blood cells, and therefore, decreased 
ore attri rtened red blood cell survival. Decreased 
ne, i? the a to inherited autosomal recessive 

4 KHR Bene, producing a chronic hemo- 
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1D 31-20 Screening Method for Detection 
of Red Cell Pyruvate Kinase 


A phosphate group is trans- 
ferred to ADP, forming pyruvate 
and ATP in the presence of red 
cell pyruvate kinase. Lactate 
dehydrogenase in the red 

cell hemolysate catalyzes the 
reduction of pyruvate to lactate 
with the resulting oxidation of 
diphosphopyridine nucleotide 
(DPNH) to diphosphopyridine 
(DPN). DPNH has the property 
of fluorescence, while DPN does 
not fluoresce under UV light. 


EDTA-anticoagulated blood 


See the required equipment and 
steps for this procedure at www. 
fadavis.com 


The first spot from a normal 
blood sample will fluoresce 
brightly, but the second spot will 
not fluoresce. Red cells, deficient 
in pyruvate kinase, fluoresce in 
both spots.* 


All frozen reagents are stable for 
1 month. 


Reaction mixture is stable at 
room temperature for 7 hours. 


EDTA blood samples are stable 
for S days at room temperature. 
False normal results may be 
obtained in samples with incom- 
plete removal of leukocytes or 
after transfusion with normal 
donor cells. 


Normal is reported when 1 of 
2 spots fluoresces. 


Low or abnormal is reported 
when both spots fluoresce, 
Genetic testing for the PKHR 
gene is suggested with low and 
abnormal results. 


Normal 


Nonspecific Tests of Inflammation 

Nonspecific hematology tests for inflammation include the 
Westergren Erythrocyte Sedimentation Rate and the Alifax™ 
Test 1 Automated Erythrocyte Sedimentation Rate Analyzer. 


Method 31-21. Westergren Erythrocyte 
Sedimentation Rate 

The erythrocyte sedimentation rate (ESR) is a nonspecific 
test used to detect illnesses associated with acute and chronic 
infection, inflammation and tissue necrosis or infarction. 
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METHOD 31-21 Westergren Erythrocyte Sedimentation Rate 


Principle The manual Westergren ESR measures the settling of erythrocytes in diluted human plasma over a specifies P 
period and represents the gold standard for sedimentation rate analysis.” There are three stages in the Sedimen. 
tation rate of erythrocytes. Red blood cells initially aggregate in the first stage of the sedimentation rate followed 
by the second stage involving precipitation. Finally, the precipitated aggregates of red blood cells become oad 
at the bottom of the sedimentation tube. This ESR numeric value is determined (in millirneters) by measurin = 
distance from the bottom of the surface meniscus to the top of erythrocyte sedimentation in a vertical “shes 
taining diluted whole blood that has remained perpendicular to its base for 60 minutes. Various factors affect vy 
ESR, such as RBC size and shape, plasma fibrinogen, and globulin levels, as well as mechanical and technica} fact 
The ESR is directly proportional to the RBC mass and inversely proportional to plasma viscosity. In normal hase | 

blood, RBCs do not form rouleaux; the RBC mass is small and therefore the ESR is decreased (cells settle out sloy 

In abnormal conditions when RBCs can form rouleaux, the RBC mass is greater, thus increasing the ESR (cells sete 

out faster). The Westergren tube is 30 cm long, 2.5 mm in diameter, and calibrated in mm from 0 to 200, 


EDTA-anticoagulated blood ae ah bat 


Procedure See the required equipment and steps for this procedure at wwwfadavis.com § x 


Interpretation Various diseases can yield an increased ESR, such as rheumatoid arthritis, multiple myeloma, anemia, and inflam. 
matory diseases, among others. Pregnancy can also cause an increased ESR, Although RBCs normally have negative | 
charges that tend to repel each other, plasma proteins possess positive charges. Increased levels of plasma proteins | 
negate the negative charge of red blood cells, allowing less space between cells. An increased ESR is often asso- 
ciated with abnormal levels of circulating acute phase proteins such as fibrinogen and immunoglobulins that are 
associated with systemic diseases. Quantitative red blood cell disorders such as anemia and polycythemia can affe¢ 
ESR values as well as hemoglobinopathies. Sickle cell anemia can cause low ESR tesults. Abnormal red cell morphol. | 
ogy may be associated with a decreased ESR.” 


a= pea ore: el 
Limitations Low results can occur when the collected specimen is allowed to stand for more than 3 hours. The Westergren tube 
must be situated perfectly vertical as any tilt can cause invalid results. 


Reporting Results Sedimentation rates are reported as the amount in mm the red blood cells settle in 1 hour (mm/hr). 


Reference Ranges Adult men: 0-15 mm/h 


Adult women: 0-20 mm/h 


Method 31-22. Alifax® Erythrocyte Sedimentation 

Rate Analyzer cell aggregation taking 1,000 measurements over 20 seconds. 
The Sysmex Alifax® Sedimentation Rate Analyzer uses cap- | Comparisons between the classic Westergren Sedimentation 
illary photometry technology to provide results in 20 seconds. _ Rates and Capillary Sedimentation Rates exhibited acceptable 
The principle methodology measures the kinetics of red blood _correlation.”* 


METHOD 31-22 Alifax® Erythrocyte Sedimentation Rate Analyzer yy “e — | 


Principle The instrument uses a closed system to aspirate 175 j.L of blood into a capillary tube. The sample is centrifuged | 
at 20 g, and the RBCs present at the capillary level are assessed via an infrared ray at 950 nm 1,000 times over 
20 seconds. This information is applied to a sedimentation curve and the cory elatin g Westergren value is math- 
ematically obtained. The results are recorded as mm per hour. CLS! guidelines recognize the Alifax System asan 
acceptable alternative to the Westergren ESR method. | 


Specimen . EDTA blood sample, minimum 1.5 mt 


Procedure See the required equipment and steps for this procedure at www. fadavis.corm 


y "i 4 A‘ s 
Interpretation The Alifax® will automatically scan the samples and print the results when analysis is complete. Any error code 
will be printed on the ticket with the results, Latex controls are available to verify instrument accuracy: 


Limitations The K2/K3 EDTA tube must have a minimum of 1.5 mL and should not exceed 60% filled volume. The sample 
should not contain clots/aggregates, be grossly hemolyzed, or drawn above an IV. Optimal time from collection 
to analysis is 4 hours. Refrigerated samples are stable up to 24 hours but must be allowed to return f° room 
temperature for approximately 15 minutes before analysis. The reportable range is 2-120 mm/h.” 


Reporting Results Sedimentation rates are reported in mm/hr. 
Reference Ranges Adult men: 0-20 mm/h 


Adult women: 0-15 mnvV/h tp iE, 2 


“elphalan and prednisone. Her CBC revealed 


__Reference Ranges 
3.6 X10°/L 4.8-5.4 X 10%/L 
3,2 x 10"/L 4.2-5.4 X 10%) 
12.1 g/dL 12-16 g/dl 
36% 37%-47% 
100 fl 80-100 fL 
30 pg 28-31 pg 
31% 32%-36% 
5% 0 
30% 20%-44% 
50% 50%-70% 
5% 2%-6% 
7% 2%-9% 
3% 0%-4% 


enty microliters of blood are drawn into a Leuko-Tic 
n fora WBC count. Fifty cells are counted on one 
‘ide and 52 on the other side of the hemocytometer 


(large squares). Calculate the WBC count. 
12.5 x 10°/L 


Ad a “f 2 eh 

emat of the following antic vagulants is utilized for 
O8Y analysis? 

ary 


{ yodium Citrate 
a Anticoagulant is utilized 


ch of , : 
thro ae following conditions is indicated with the 


a Inftemmen memtatios ate (ESR)? 
| Anem ition 
¢ Thom 
iki bocytopenia 
"Vics ®cytosis 
i :.. 
Y ap, ti ; ‘ 
of oe analysis is best for aiding in the 
Ickle cel] ane ty 
Bgp Slobin = mia? 
R €Ctrophoresis 


4 ; 
Ratio -Betke stain 


Ulog. 
© count 


F woman diagnosed with multiple myeloma is 
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QUESTIONS 


|. What is the corrected WBC count? 

2. Based on the corrected WBC count, what are the abso- 
lute counts for each white blood cell population? 

3. Based on this Patient’s results, is there an anemic state? 
If'so, which results indicate this? 


ANSWERS: 


- Using the formula from this chapter, the corrected 
WBC count can be calculated as 3.3 X 10°/L. 

- Using the formula from this chapter, the absolute 
Counts for each cell identified calculate as follows: 
* Plasma cell: 0.17 X 10%/L 
* Lymphocytes: 0.99 x 10%/L 
+ Segs: 1.65 X 10°/L 
* Bands: 0.17 x 10°/L 
* Monocytes: 0.23 X 10%/L 
* Eosinophils: 0.10 X 109/L 

3. The low RBC count, slightly low Hct, and presence of 


NRBCs may indicate a slight anemia, although the Hgb 
is normal. 


nN 


. Which of the following is the greatest risk for preana- 
lytical error when collecting a capillary specimen for 
hematology analysis? 

a. Lipemia 

b. Leukocytosis 

c. Dilution of cellular components 

d. Thrombocytopenia 


n 


. Eosin Y stains which cellular component? 
a. Nucleus 
b. Cytoplasm 
c. Chromatin 
d. Vacuoles 


, A patient has a low absolute lymphocyte count. Which 
of the following represents an appropriate count for this 
patient? 

a, 3.2 X 10YL 
b. 1.7 X 10°L 
c. 2.3 X LOYL 
d. 0.9 X LOL 


x 


. A patient presents with an MCV of 78 fL and an MCHC 
of 33%. How would this anemia be classified? 
a. Microcytic, normochromic 
b. Normocytic, normochromic 
c. Microcytic, hypochromic 
d. Normochromic, hyperchromic 


i] 


Continued 
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REVIEW QUESTIONS—cont’d 
9. 


A sample with thrombocytopenia, leukocytopenia, and 
reticulocytopenia correlates with: 

a. Hemolyzed sample 

b. Lipemic sample 

c. Contaminated with iv sample 

d. Instrument error 


The most common source of erroneous results is prean- 
alytical errors. 

Specimens for hematology analysis should be whole 
blood samples in EDTA anticoagulant. 

The most common site for a capillary stick in infants is 
the plantar surface of the heel. 

The hemocytometer counting chamber is used for man- 
ual cell counting. The counting chamber has a total area 
of 9 mm”; the four corner primary squares are used for 
counting leukocytes, the center square for platelets, and 
the four corner and center squares of the primary square 
for counting erythrocytes. 

Cells for peripheral blood smear review are stained with 
Wright stain. 

Leukocytes are reported in relative and absolute counts. 
Reticulocytes are immature RBCs that contain remnant 
cytoplasmic RNA and can be visualized by supravital 
stains such as new methylene blue. 

The normal reticulocyte count in adult and newborn 
blood is 0.5% to 2.0% and 2% to 6%, respectively. 

A reticulocyte production index (RPI) of 3 or more 
represents an adequate response of erythropoiesis by 
the bone marrow to states of anemia. 

The hemoglobin concentration, hematocrit percentage, 
and red cells indices (RDW, MCV, MCH, and MCHC) 
can all be used to indicate anemia. 

Hematocrit is defined as the volume occupied by eryth- 
rocytes in a given volume of blood and is usually ex- 
pressed as a percentage of the volume of whole blood. 
The normal hematocrit for men is 42% to 52%; for 
women, it is 37% to 47%. 


See answers at the back of this book. 


e 


The hematocrit is usually three times the hemoglobin 
value. 

A corrected white blood cell count is calculated by mul- 
tiplying the WBC/mm? by 100 and dividing by 100 plus 
the number of nucleated RBCs per 100 WBCs, 

The normal hemoglobin value for a man is 14 to 

18 g/dL; for a woman, it is 12 to 16 g/dL. 
Electrophoresis is defined as the movement of charged 
particles in an electric field; hemoglobin electropho- 
resis relies on the premise that abnormal hemoglobins 
migrate at a fixed pH. 


Isoelectric focusing (IEF) is used for separating and 
identifying abnormal hemoglobins based on their spe- 
cific isoelectric points (pI). 

The solubility test for hemoglobin S is based on the 
deoxyhemoglobin properties of HbS; when exposed to 
high-molarity phosphate buffer, HbS will precipitate 
out of solution. 

The acid elution test for HbF is based on the principle 
that the HbF is resistant to acid elution and will retain 
the pink stain; hemoglobin A will be eluted from the red 
cell and appear colorless (ghost cells) 

Heinz bodies are denatured hemoglobin precipitated in 
the RBC and attached to the red cell membrane; they 
are visible by utilization of supravital stain such as 
crystal violet, and their prese n indicate anemia 
caused by G6PD deficienc 
The osmotic fragility test 
to-volume ratio of the red 


ire of the surface- 
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CHAPTER OUTLINE 


Specimen Evaluation by Cell Volume Nucleated Red Blood Cell Detection Platelet Analysis 
and VCS Technology: DxH Analyzer Abnormal Flags Leukocyte Analysis 
Series, Beckman Coulter® Cerebrospinal Fluid Analysis Reticulocyte Analysis 


Red Cell Analysis Nucleated Red Blood Cell Detection 


Specimen Evaluation With 


Platelet Analysis Hydrodynamic Focusing, RF/DC Abnormal Flags 
Leukocyte Analysis Technology, and Fluorescent Flow Body Fluid Analysis 
Reticulocyte Analysis Cytometry: The Sysmex XN and XN-L Additional Parameters 
Nucleated Red Blood Cell Detection Series Hematology Analyzers Digital Morphology Analyzers: 
Abnormal Flags : Red Cell Analysis CellaVision Systems 
po ieee seth Platelet Analysis — Quality Assurance and Quality Control 
Leukocyte Analysis Measures for Automated Complete 
Specimen Evaluation by Light Reticulocyte Analysis Blood Count Instruments 
Scattering and Cytochemical Nucleated Red Blood Cell Detection Quality Control Procedures 
Analysis: ADVIA® Hematology Abnormal Flags Quality Assurance Measures 
Systems, Siemens Healthcare Body Fluid Analysis Result Verification and Decision Rules 
Diagnostics Specimen Evaluation by Multi-Angle Summary Chart 
Red Cell Analysis Polarized Scatter Separation Case Studies 
Platelet Analysis (MAPSS™) Technology: Abbott Review Questions 
Leukocyte Analysis Alinity h Series References 
Reticulocyte Analysis Red Cell Analysis 
At the end of this chapter, the learner should be able to: 32-4 Assess the importance and frequency of quality 


control and quality assurance for automated 


32-1 Explain the measurement principles used by modern 
hematology analyzers. 


hematology analyzers. 


32-2 Interpret patient data generated by hematology 
analyzers, including hemogram parameters, red 
blood cell histograms, platelet histograms, and 32-6 Identify circumstances that could contribute to 
leukocyte histograms/scattergrams. spurious or artifactual results 


32-5 Explain when to accept an automated differential or 
perform a manual differential 


32-3 Discuss the use of automated morphology analyzers to 
evaluate peripheral blood and body fluid differentials. 


S ince 1954, with the inception of the first automated hema- and directed to pass through the aperture to be measured. AS 
tology analyzer, the Coulter Model A, the use of advanced the cell passes through the aperture, it creates a pulse. The 
technology to perform the routine complete blood count number and size of pulses created can be used to quantitate 
(CBC) has not only increased the efficiency of the hematolo- and size cells present in a patie iple. The Coulter Pnn- 
gy laboratory but has also improved medical decision-making. _ ciple is considered the gold standard for cell counting, and 
The Coulter Principle for enumerating and sizing particles in | many modern hematology analyzers employ this technology 
a solution is based upon measuring the change in impedance, _in combination with the measurement of optical light scatter, 
or change in electrical resistance, that is created by acell as it cytochemistry, or fluorescence to quantitate, size, and charac- 
passes through an aperture. Cells are suspended in a solution terize cells. 

740 


jdition © determining the red blood cell (RBC), platelet 

Bread white blood cell (WBC) counts, modern hematol- 
LY” ers also provide accurate measurement of hemo- 
ogy hematocrit (HCT), and the RBC indices, which 

in (HGB)» 

globin ean corpuscular volume (MCV), mean corpuscular 
in (MCH), and mean corpuscular hemoglobin con- 
ea (MCHC). Ared cell distribution width (RDW) and 

Jatelet volume (MPV) are also determined as part of 
the CBC- In addition, a five-part differential reporting the per- 
centage and absolute numbers of neutrophils, lymphocytes, 
monocytes. eosinophils, and basophils is standard. Current 
instruments can also differentiate immature granulocyte pop- 
ulations, enumerate nucleated red blood cells, quantitate retic- 
ulocytes, and perform body fluid cell counting. 

This chapter provides an overview of the technology and 
capabilities of current automated hematology instrumenta- 
tion available from Beckman Coulter, Siemens Healthcare 
Diagnostics, Sysmex Corporation, Abbott Hematology, and 
CellaVision AB. The chapter concludes with a discussion 
of quality assurance and quality control measures associ- 
ated with automated hematology instruments and case study 
presentations. 

Although the discussion of analyzers in this chapter are 
limited to five manufacturers, there are several other auto- 
mated hematology analyzers that provide complete blood 
counts, cell differentials, and digital morphology on the mar- 
Ket. Owing to the abundance of manufacturers and publication 
delay factors, it is not feasible to identify and individually dis- 
“ssall these systems. Information, instrument manuals, and 
Sa of upgraded models are usually available from 
“*manufacturers. The authors of this text do not endorse any 
Particular manufacturer or model. 


peedinen Evaluatioy —, Cell Volume 
ees Technolog H Analyzer 
&s, Beckman Cc - 


Ba tecmont oe) analyzers ace Us 
'€ blood cel] 0 enumerate and size red blood cells, 
change in i S, and platelets based on the measurable 
through an ™pedance that is created as a particle passes 
Wee .(ealpileag concurrently with an electrical pulse. 
: fisting on analysis uses VCS technology, which is 
Tements a Ape volume, conductivity, and light scatter 
"Ucleateg red Remaiiste white blood cells and enumer- 
wal origing 1024 Cells (NRBCs) (Table 32-1) 
to 218 metho, et VCS technology is a single-channel 
State approxi at uses three independent energy sources 
"C heared 8,000 cells in their near-native 
dug, eal imped © (V) is based on the Coulter Principle of 
." ) @Nce to measure the size of the cells. Con- 
the 5 ” high-frec surements, also called opacity, are made 
lear, noy electromagnetic probe that reflects 
Male Measures and chemical properties of cells. This 
Cyto a allows the instrument to calculate the 
Meas. tiga feature useful in distinguishing 
rem Sai ‘rom normal lymphocytes. Conductiv- 
'd in differentiation of cells with different 
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TABLE 32-1 Measurements Associated With Coulter's 
VCS Technology 


Approximately 8,000 cells in their near-native 
state pass through a sensing zone one particle 
at a time. Volume, Conductivity, and Scatter are 


Volume (V) As each cell passes through the sensing zone, 
the volume displaced is measured using 
low-frequency (DC) impedance. 


Conductivity (C) High-frequency (RF) currents penetrate the cell 
membrane. Changes in conductivity provide 
information about the size and internal struc- 
ture of the cells. Conductivity is also referred to 
as opacity. 


Scatter (5) When an unstained cell is struck by a laser 
beam, light is both absorbed and scattered in 
every direction. Sensors collect light-scatter sig- 
nals from multiple angles to obtain information 
about cell surface structure and cytoplasmic 
granularity. 


Source: Adapted from the Beckman Coulter Cellular DxH Series Principles of 
Operation, with permission. 


internal structures but of similar size such as lymphocytes 
and basophils. Light scattering (S) from a focused ellipti- 
cal light beam from a helium-neon laser provides additional 
information about cell granularity, nuclear lobularity, and cell 
surface characteristics, and is particularly useful for identify- 
ing eosinophils. 

Application of advanced VCS 360 technologies and the 
advanced Coulter® Principle in combination with scalable auto- 
mation solutions are used by the latest generation Beckman 
Coulter® DxH Series (DxH 900, DxH690T, DxH Slidemaker 
and Stainer, DxH 560, DxH 520, and DxH 500) fully automated 
CBC and differential analyzers. These technologies allow 
high-resolution cell analysis, provide improved characteriza- 
tion of difficult sample types, and extended analytical ranges for 
cytopenic patients. The top-of-the-range DxH 900 completely 
automate not only the analytical testing steps but also many 
of the preanalytical and postanalytical testing steps including 
sample sorting and handling, automatic validation of results, 
and selective slide-making based on laboratory workflow rules. 
The DxH 690T is designed for medium-throughput laboratories 
and incorporates many of the analytical features found in the 
900 Series analyzers. Previously released high-medium 
throughput analyzer models utilizing VCS and Coulter® Prin- 
ciple technologies include LH series (750/780/800), DxH 
600/800, GeneS™, HmX, and MaxM™. The new DxH 
560/520/500 series analyzers are designed to serve low-volume 
facilities, replacing the original AcT-Diff series. 

Red Cell Analysis 

The red cell histogram depicts particles with a volume of 
greater than 36 femtoliters (fL) and less than or equal to 
360 fL. The RBC histogram displays particles with a volume 
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greater than 24 fL, but the mean corpuscular volume (MCV) 
is calculated from the area under the curve of the RBC histo- 
gram, depicted in Figure 32-1. Deviations in the shape and 
position of the RBC histogram indicate changes in RBC size, 
shape, or both. An RBC distribution that is shifted to the left 
indicates the presence of microcytosis as seen in iron defi- 
ciency anemia or thalassemia minor. Conversely, a shift to the 
right such as in folate deficiency and liver disease indicates 
the presence of macrocytes. 

The availability of red cell parameters such as RBC, HGB, 
HCT, MCV, mean corpuscular hemoglobin (MCH), and mean 
corpuscular hemoglobin concentration (MCHC), in conjunction 
with information derived from RBC histograms, may provide 
valuable information for assessing red cell disorders. The red 
cell distribution width (RDW) represents a parameter that quan- 
tifies the degree of relative RBC anisocytosis or variation in 
cell size. The DxH series provides two measurements of RDW: 
(1) as a coefficient of variation (CV) of the MCV, known as 
RDW, and (2) RDW-SD, which is measured by calculating the 
width in fL at the 20% height level on the RBC curve, as in: 

SD 


RDW (CY) = viean x 100 


Normal range = 11.5%-14.5% 


RDW-SD is measured by calculating the width in fL at the 
20% height level on the RBC curve 


Normal Range = 39-47 fL 


When used in combination with the MCV, the RDW and 
RDW-SD are suggested to be useful in the early detection of 
iron deficiency anemia and in distinguishing between iron 
deficiency anemia (increased RDW) and beta (8)-thalassemia 
minor (normal RDW).'* 


Platelet Analysis 

The platelet histogram displays native platelet size. Par- 
ticles with volumes ranging from 2 to 20 fL are counted. 
The raw data is then fitted to a curve from 0 to 70 fL 
(Fig. 32-2), from which the reported platelet count is 
derived. This curve-fitting technology ensures accurate plate- 
let counting even with the presence of very large platelets or 
very small RBCs. The platelet counting range on the DxH 
900 Series analyzers is extended to 0-3,000 x 10°/L. The 
mean platelet volume (MPV) and platelet distribution width 
(PDW) are additional parameters describing platelet size and 
anisocytosis. The MPV is the platelet equivalent of the MCV 
and is inversely proportional to the platelet count. The PDW 


200 
RBC 
FIGURE 32-1 Coulter RBC histogram (Courtesy of Beckman Coulter Inc, 
Brea, CA.) 


50 100 300 fL 


D 2 20 70 
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FIGURE 32-2 Coulter platelet count determination. A. The platelet 
histogram has a lower limit of 2 fL and an upper limit of 20 fL. B. Using the 
least squares regression formula, the formula defines a log normal curve. 
The log normal curve is plotted from 0 to 70 fL to include giant platelets. 
C. Integral calculus is used to find the area under the curve. The area 
under the curve is calibrated to a reference platelet count. D. RBC pulses 
between 0 and 70 fL are excluded from the PLT count by the electronic 
curve. The extrapolated area under the PLT curve includes even giant 
platelets. (Courtesy of Beckman Coulter Inc,, Brea, CA.) 


measures uniformity of platelet size and is equivalent to the 
RDW. In combination with the platelet histogram, the MPV 
and PDW provide valuable information on possible platelets. 
Measurement of platelet volume has been determined to yield 
diagnostic and prognostic value, with increased platelet vol- 
ume characteristic of disorders marked by external platelet 
destruction and decreased values reflective of production 
disorders originating in the bone marrow.’ However, studies 
have shown that the MPV and PDW have limited predictive 
sensitivity and specificity in the diagnosis of bone marrow 
failure for patients presenting with thr smbocytopenia.7 


Leukocyte Analysis 

The VCS 360 measurement syste 
enhanced on the DxH Series systems 
multitranducer module, which measu 


as been significantly 
y utilization of a sig 
s additional angles ° 


light scatter, compared with previous enalyzers that relied pos 
a singular measurement angle (Fig. 32-3). Leukocyte analysis ® 
performed in three dimensions, and individual cells are dep! 

as points on a scatterplot reflecting ce!! volume, conduct 


and light-scattering characteristics (Fig. 32-4). NRBCS 
reticulocytes are also counted in the VCS 360 module. 
Results from each of the approximately 8,000 analy? 
(or 32,000 red cells in the reticulocyte analysis) are assigned. ‘o 
Z coordinates in a three-dimensional array based rape 
their rotated light scatter (RLS), volume, and opacity: C us “i 
of cells are identified as lymphocytes (blue), monocytes ore 
neutrophils (purple), eosinophils (orange), basophils ( 


ed WBC 
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area Plots illustrating peak height. Improved Unicel® technology 
algorithms provide optimal separation of raw values to define 
unusual population shifts, overlaps, and irregular or deficient 
Separation to decrease incidence of the WBC* flag, spurious 
elevation of the WBC count due to interfering substances, and 
detection of nucleated red blood cells.*” 


Reticulocyte Analysis 

Automatic reticulocyte analysis combines the established 
methodology of the new methylene blue procedure with the 
standardized analysis and greater precision of flow cytom- 
etry utilizing the VCS technology. In doing so, it provides 
high-quality results without the need for fluorescent dyes 
and argon ion laser systems. It also allows the user to pro- 
vide improved reproducible data to clinicians. Within the 
analyzer, a small segment of the blood sample is incubated 
in a heated chamber with a special new methylene blue solu- 
tion precipitating any residual RNA within the erythrocytes 
#alke32-3 Light scatter on the DxH 900/DxH 690T. Upper and lower A portion of the stained blood sample is then transferred 
ieandes measure volume and conductivity using low- (DC) and to a second chamber together with a hypotonic clearing 
Rees rents (1, 2). Light scatter is measured in multiple solution that will remove erythrocyte hemoglobin but pre- 


Gamesto provide information regarding internal complexity: 0° Axial = ang’ 

Giiloss(3),5:1° Low Angle Light Scatter (4), 10°-20° spe a serve the stained RNA within the cell. Almost immediately, 
Apelight Scatter (5), 20°-42° Upper Median Angle Light Scatter (6), the sample is processed through the VCS flow cell for anal- 
Hbesum of the Upper and Lower Median Angle Light Scatter (7) ysis by the same three independent energy probes used for 


differential analysis. Contour gating is of particular benefit in 
reticulocyte analysis because the cell population under study 
is a gradual continuum of increasing maturity. The nonlinear 
separation techniques and multiresolution analysis algorithm 
allow the DxH series analyzers to provide improved preci- 
sion and accuracy of results, particularly in the presence of 
abnormal RBC types (Fig. 32-5). Advanced parameters, such 
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as immature reticulocyte fraction (IRF) and mean reticulocyte 
volume (MRV), provide additional information regarding 
reticulocyte quantity and quality of the reticulocyte popula- 
tion. These advanced parameters can be useful in the diagno- 
sis and monitoring of anemic patient populations.* 


Nucleated Red Blood Cell Detection 

A nucleated red blood cell (NRBC) count is provided 
with every differential. The proprietary NRBC counting 
method utilizing VCS 360 technology identifies particles 
in a specific location within the VCS 3-D cube seen in 
Figure 32-5. This NRBC “signature position,” in combi- 
nation with the interfering cells seen at the lower discrim- 
inator of the WBC histogram, indicates that NRBCs are 
present. A corrected WBC count is generated if there is 
significant interference in the sample as seen in the WBC 
histogram (Fig. 32-6). 


Abnormal Flags 

Contour discriminators examine areas between different cell 
populations. Abnormalities are identified by specific region 
flags (R-flags). The flagging system is enhanced by provid- 
ing specific alphanumeric codes and three types of messages 
including suspect, definitive, and condition messages. Com- 
mon abnormalities associated with each flagging message 
appear in Table 32-2. Suspect messages flag abnormal cell 
populations or distributions such as certain RBC abnormalities, 
platelet clumping, variant lymphocytes, immature granulocytes, 
and blasts. These messages appear in the cell classification 


TABLE 32-2 Summary of Coulter DxH Series Analyzer Flagging Messages 


FIGURE 32-6 Nucleated red blood cells (NRBCs) are Calculated when 
analyzer identifies cells present in a signature position for NRBCé ee 
VCS scatterplot and detects interference at the lower discriminata,... 
WBC histogram. If there are enough cells present to significant 
with the WBC count, the count is corrected for the presence Of the ints 
ference. Both the corrected WBC count and the uncorrected Wacom. 
are available. (Display image LH700 series, Courtesy of Beckman Coutee 


Inc., Brea, CA.) 


window on the sample analysis display and suggest ompf. 
mation by slide review. Condition messages indicate whet. 
WBC, RBC, or platelet populations are abnormal or nom 


Body Fluid Analysis 

Accurate counting of cells in body fluids is required to inf 
clinicians of the possibility of inflammatory, inf f 
neoplastic processes. Cell counts (total nucleated cells ai 
red blood cells) on body fluids are available on DxH Senss 


Platelet clumping 
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WBC ¢ Immature granulocytes * Normal WBC population Leukocytosis 
* Left shift * Abnormal WBC population Leukopenia 
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CRITICAL THINKING QUESTION 
32-1 What are the RBC indices measured with instrument 
analysis? 
See answers to all Critical Thinking Questions at the back 
of this book. 


Ag 

UR 

ty, E32. 

ent Nath Foreach of hi 
) Stang the neutrophil, lymphocyte, monocyte eosinop 


9H 
the 'C dey) ji 
ew Viation is displayed for the volume. conductivi 


and ; 
Ctic display tabs. (Courtesy of Beckman C oulter Inc 


reticulocyte 
1, reticulocyte and nonreticulocyte 


hose V 
I »¢ measurements Those 
nd light scatter Mme 
ty, and "Wg: 
Brea, CA) 


CHAPTER 32 Principles of Automated Differential Analysis 745 


Specimen Evaluation by Light 
Scattering and Cytochemical Analysis: 
ADVIA® Hematology Systems, Siemens 
Healthcare Diagnostics 


The ADVIA is a flow cytometry-based system that uses 
light scatter, differential white blood cell lysis, and myelop- 
eroxidase and oxazine 750 staining to provide a complete 
blood cell count (CBC), a WBC differential, and reticu- 
locyte counts from whole blood. Select models can also 
provide cell counts and differential for CSF fluids. The 
system uses Unifluidics technology and consists of an ana- 
lytical module, along with an optional auto-sampler and 
a data manager (Fig. 32-8). The analyzer uses two sep- 
arate and independent flow cytometers to count and iden- 
tify blood cells. Once a sample is aspirated, it is delivered 
into a ceramic shear valve, where it is divided into sepa- 
rate aliquots for analysis (Fig. 32-9). Reagents and aliquots 
are subsequently drawn into respective reaction cham- 
bers: hemoglobin reaction chamber for the colorimetric 
measurement of hemoglobin concentration, a combined 
RBC and platelet reaction chamber, two channels (the per- 
oxidase and lobularity/nuclear density chambers) for WBC 
counts and differentials and a reticulocyte reaction chamber. 
Cells are counted and analyzed as they pass through a flow 


RBCs in the reticulocyte count Populations 


alues appear as Research Population Data 
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FIGURE 32-8 ADVIA 2120 System. (Courtesy of Siemens Healthcare 
Diagnostics, Tarrytown, NY.) 


“a 

FIGURE 32-9 The Unifluidics technology of the ADVIA 2120 Hematology 
System. This circuit is composed of acrylic blocks that provide pathways 
for fluid transport, airflow, valves, and reaction chambers. (Courtesy of 
Siemens Healthcare Diagnostics, Tarrytown, NY.) 


cell. Cytograms derived from various cell analysis channels 
are shown in Figure 32-10. 
The ADVIA 120/2120 accommodate the sample through- 


‘put necessary for high-volume laboratories, The newest gen- 
eration, the ADVIA 2120i system, offers full automation and 


an integrated slide maker. The system provides a reticulo- 
cyte count, a six-part differential, and optional CSF analy- 
sis. The ADVIA 560/560L, built for midvolume laboratories, 
but offers a five-part differential and lacks the capability to 
provide a reticulocyte count or perform CSF analysis. The 
ADVIA 360 provides a three-part differential and is best 
suited for low-volume environments. 


Red Cell Analysis 

Red blood cells and platelets are identified based on their 
light-scattering properties. A buffered reagent isovolumetri- 
cally fixes and spheres red cells, while light scattered at high 
(5 to 15 degrees) and low (2 to 3 degrees) angles concurrently 


measures cell volume and cell optical density. An RBC Seatte 
cytogram is a graphic representation of these measurements 
where the high-angle light scatter is plotted on the x-axjg and 
the low-angle light scatter on the y-axis (see Fig, 32 104) 
The RBC cytogram map resolves volumes between | and 
180 fL and refractive index values between 1,33 and 1.44 
Unique red blood cells indices are directly measured by means 
of mathematical theory termed Lorenz-Mie theory, which pro. 
vides an equation to convert light scattering measurements 
into cell volume and hemoglobin concentration," 

The ADVIA 120/2120 system directly measures the vo}. 
umes and hemoglobin concentrations of individual RBCs and 
therefore allows the determination of chromasia and erythro- 
cyte size on a cell-by-cell basis. This information is presented 
in an RBC (V/HC) cytogram (Fig. 32-11). The hemoglobin 
concentration (HC) is plotted along the x-axis and cell volume 
along the y-axis. RBCs are further characterized as hypochro- 
mic, normochromic, and hyperchromic based on hemoglobin 
markers set at 28 g/dL and 41 g/dL. RBCs with a hemoglobin 
concentration less than 28 g/dL are characterized as hypo- 
chromic, and cells with a hemoglobin concentration greater 
than 41 g/dL are characterized as hyperchromic. Values within 
the range of 28 g/dL and 41 g/dL are normochromic. Distri- 
bution of cells based on hemoglobin concentration is repre- 
sented on the HC histogram. Samples with normal values 
exhibit a bell-shaped curve between 28 g/dL and 41 g/dL. 
The mean hemoglobin concentration defines the corpuscular 
hemoglobin concentration mean (CHCM) for red cells. This 
measurement is analogous and alternative to the classic mean 
corpuscular hemoglobin concentration (MCHC) derived from 
the hemoglobin concentration and the hematocrit. In the case 
of a decreased MCHC with increased numbers of hypochro- 
mic red cells, the histogram will be skewed to the left, indi- 
cating red cells with hemoglobin concentration of less than 
28 g/dL. Conversely, in the case of an increased MCHC, the 
histogram will be skewed to the right, indicating the presence 
of hyperchromic red cells with hemoglobin concentration 
greater than 41 g/dL, 

Cell markers for RBC volume are used to identify differ- 
ent cell sizes, such as microcytic, normocytic, and macrocytc 
cells, The RBC cell volume markers are set at 60 and 120 fL. 


RBCs with a volume less than the 6u {1 are characterized as 
microcytic, and red cells with a volume greater than 120 fL 
are characterized as macrocytic. Values within the range of 


60 fL and 120 fL are normocytic. 

The RBC volume histogram provides information for the 
MCV and RDW measurements. The histogram has a range 
of 0 to 200 fL. Samples with normal values exhibit a bell- 
shaped curve between 60 and 120 fL. The MCV is the mean ol 
the RBC volume histogram. In the case of a decreased MC¥ 
with increased numbers of microcytic red cells, the histogram 
will be skewed to the left, indicating red cells with volumes 
less than 60 fL. Conversely, in the case of an increased MC’. 
the histogram will be skewed to the right, indicating ba 
presence of macrocytic red cells with volumes greater ep 
120 fL, The RDW is a measurement of anisocytosis and n 
calculated from the CV of the red cell population. The RDV 
will be flagged when the value exceeds 16%. 
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Cell Size 


Peroxidase Activity in the 
Cytoplasm 


High Angle Scatter (5° to 15°) 


Oxazine 750 Absorbance 


E 


from the various channels of the ADVIA 2120 Hematology System. A. RBC scatter cytogram. B. Platelet scatter cyto 
ularity/Nuclear density (basophil channel) cytogram. E. Reticulocyte cytogram. (Courtesy of Siemens Healthcare 


cell volume and high-angle and high-gain scatter is con- 
verted to a refractive index. The ADVIA 120/2120 produces 
a platelet scatter cytogram that plots the data respective to 
cell volume and refractive index, and a platelet map grid that 
lists ranges for cell volume (0 to 30 fL) and refractive index 
(1.3500 to 1.4000) (see Fig. 32 
count comprises both normal-sized platelets and large plate- 
lets with volumes up to 60 fL. This two-dimensional analvsis 
allows discriminating platelets from other nonplatelet parti 
cles, and microcytes, RBC fragments and RBC 
are excluded from the platelet count 


108). The reportable platelet 


ghost cells 


Leukocyte Analysis 

Two separate methods are used on the ADVIA 120/2}120 
system to analyze white blood cells. A total WBC count is 
measured from two reaction chambers, the peroxidase cham 


ber and the lobularity/nuclear density chamber, In the per 


oxidase chamber, WBCs are fixed with form uldehyde and 
stained with peroxidase reagents in the peroxidase reaction 
chamber. The chamber ts heated to a relatively hich tempera 
ture, which lyses platelets and RBCs and ¢ es the WB's 
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FIGURE 32-11 Siemens ADVIA 120/2120 red blood cell cytograms. 

A. RBC cytogram and the position of hypochromic, normochromic, 
hyperchromic, microcytic, normocytic, and macrocytic cells, B. An increase 
of certain clusters of RBCs is consistent in various disease states, (Harris, N, 
et al: The ADVIA 2120 Hematology System: A flow cytometry-based 
analysis of blood and body fluids in the routine hematology laboratory.) 
(Courtesy of Siemens Healthcare Diagnostics, Tarrytown, NY.) 


to be fixed. Narrow forward-angle light scatter and tungsten 
light optics are used to measure WBC size and peroxidase 
activity, respectively. Myeloperoxidase is a granulocyte 
enzyme marker that is present to varying degrees in neutro- 
phils, eosinophils, and monocytes but absent from basophils, 
lymphocytes, and blasts. The data are displayed on a PEROX 
cytogram with light absorption depicted on the x-axis and 
forward scatter on the y-axis. Cluster analysis is applied to 
identify distinct populations of cell clusters that can further 


be categorized by position, area, and density on the oy; 
gram (see Fig. 32 10C). ; 

In the lobularity/nuclear density reaction chamber, a whole 
blood aliquot is exposed to an acid buffer that selectively 
lyses the cytoplasm of all cells except basophils. The sample 
passes through the flow cell, where low-angle light scatter 
and high-angle light scatter are measured. Because basophils 
are resistant to lysis, they appear larger than the bare nuclei of 
other leukocytes, scatter more light, and appear higher on the 
vertical axis of the scattergram. The size of the cell or nucleus 
and nuclear configuration (nuclear shape and cell density) are 
analyzed. The BASO cytogram consists of 100 channels on 
each axis. High-angle light scatter or nuclear configuration 
is plotted on the x-axis, and low-angle light scatter or cell 
size is plotted on the y-axis. As a result, distinct clusters of 
cells are formed and analyzed respective of the cells’ posi- 
tion, area, and density on the cytogram (see Fig. 32-10D). 4 
primary WBC count and a basophil count are derived from 
this channel. 

The WBC differential report generated by the ADVIA 
120/2120 system not only indicates the relative percentages 


‘o~- 


and absolute values for neutrophils, lymphocytes, mono- 
cytes, eosinophils, and basophils, but also provides addi- 
tional interpretative data to signal the presence of sample 
abnormalities. The differential report also includes the per- 
centage of large unstained cells (LUCs). Increased numbers 
of LUCs may reflect the presence of atypical lymphocytes 
or blasts. 
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spinal Fluid Analysis 

Enumeration of RBCs and WBC in CSF samples is performed 
ysing direct cytometry on the ADVIA 120/2120 system. An 
aliquot of CSF sample is pretreated with the CSF reagent 
that fixes and spheres the cells. The cells are differentiated 
and enumerated based on three optical measurements: high- 
angle scatter, low-angle scatter, and absorbance. The data are 
displayed on the CSF cytograms (Fig. 32-12) and reportable 
results include WBC and RBC counts and percentages and 
absolute values for mononuclear cells, polymorphonuclear 
cells, neutrophils, lymphocytes, and monocytes. 


E 32-3 Examples of Morphology Flagging by the 
ADVIA 120/2120 Hematology Analyzer 


uspect Morphology Flag Triggering Criteria 


ANISO RDW = 16% 
Atypical lymphocytes  ATYP 


% LUC = 4.5 and % LUC= 
(% BLASTS plus 1.5) 


BLAST % BLASTS 1.5% to 5% 
and % LUC = 4.5%, or 
BLASTS = 5% WBCB and 
(%Baso + %Baso Susp + 
%BAso Sat) = 10% 
HDW = 3.4 g/dL 


HYPER % HYPER = 4% 
HYPO % HYPO = 4% 


IG (96 NEUT +% EOS) ~ 
% PMN) = 5% . 
NRBC + if NRBC are enumerated 
LPLT 9% LPLT > 10% PLT 
MACRO % MACRO = 2.5% 
MICRO % MICRO = 2.5% 
Recs PLT-CLM ——_Clumps count > 150 
Pe's "etn Width; LUC = large unstained cells; HDW = hemoglobin 
Aa eated rag puns EOS = eosinophils: PMN = polymorphonucleat 


220000 cell LPLT = lar 
= large platelet. 
‘ators Manual, Siemens Healthcare Diagnostics, Tarrytown, NY. 
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FIGURE 32-12 ADVIA 2120 CSF assay cytograms. A. CSF scatter cytogram 
and the position of red cells (RBCs), lymphocytes (Lymphs), monocytes 
(Monos), neutrophils (Neuts). B. Scatter/absorption cytogram and rele~ 
vant position of various cells. (Courtesy of Siemens Healthcare Diagnos- 
tics, Tarrytown, NY.) 


CRITICAL THINKING QUESTION 


32-2 What is forward angle light-scatter used to 
measure? 


Specimen Evaluation With 

Hydrodynamic Focusing, RF/DC 

Technology, and Fluorescent Flow 
Cytometry: The Sysmex XN and XN-L 

Series Hematology Analyzers 

Sysmex America, Inc. produces a comprehensive series of 
multiparameter hematology analyzers (XN and XN-L Series ) 
that use electronic resistance, or direct current (DC), with 
hydrodynamic focusing for counting RBCs and platelets. 
Fluorescent flow cytometry and light scatter are used for 
the WBC count, PLT count, WBC differential, and NRBC 
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FIGURE 32-11 Siemens ADVIA 120/2120 red blood cell cytograms, 

A. RBC cytogram and the position of hypochromic, normochromic, 
hyperchromic, microcytic, normocytic, and macrocytic cells, B. An increase 
of certain clusters of RBCs is consistent in various disease states. (Harris, N, 
et al: The ADVIA 2120 Hematology System: A flow cytometry-based 
analysis of blood and body fluids in the routine hematology laboratory.) 
(Courtesy of Siemens Healthcare Diagnostics, Tarrytown, NY.) 


to be fixed. Narrow forward-angle light scatter and tungsten 
light optics are used to measure WBC size and peroxidase 
activity, respectively. Myeloperoxidase is a granulocyte 
enzyme marker that is present to varying degrees in neutro- 
phils, eosinophils, and monocytes but absent from basophils, 
lymphocytes, and blasts. The data are displayed on a PEROX 
cytogram with light absorption depicted on the x-axis and 
forward scatter on the y-axis. Cluster analysis is applied to 
identify distinct populations of cell clusters that can further 


be categorized by position, area, and density on the cyto. 
gram (see Fig. 32 10C). 

In the lobularity/nuclear density reaction chamber, a Whole 
blood aliquot is exposed to an acid buffer that Selectively 
lyses the cytoplasm of all cells except basophils. The sample 
passes through the flow cell, where low-angle light scatte 
and high-angle light scatter are measured. Because basophils 
are resistant to lysis, they appear larger than the bare nucle; of 
other leukocytes, scatter more light, and appear higher on the 
vertical axis of the scattergram. The size of the cell or nucleus 
and nuclear configuration (nuclear shape and cell density) are 
analyzed. The BASO cytogram consists of 100 channels on 
each axis. High-angle light scatter or nuclear configuration 
is plotted on the x-axis, and low-angle light scatter or cell 
size is plotted on the y-axis. As a result, distinct clusters of 
cells are formed and analyzed respective of the cells’ posi- 
tion, area, and density on the cytogram (see Fig. 32-10D). A 
primary WBC count and a basophil count are derived from 
this channel. 

The WBC differential report generated by the ADVIA 
120/2120 system not only indicates the relative percentages 
and absolute values for neutrophils, lymphocytes, mono- 
cytes, eosinophils, and basophils, but also provides addi- 
tional interpretative data to signal the presence of sample 
abnormalities. The differential report also includes the per- 
centage of large unstained cells (LUCs). Increased numbers 
of LUCs may reflect the presence of atypical lymphocytes 
or blasts. 


Reticulocyte Analysis 

Reticulocyte analysis is performed using oxazine 750, a 
nucleic acid dye that selectively stains reticulocytes and 
distinguishes them from mature red cells (see Fig. 32-10) 
The measurements include low-angle light scatter (2 to 
3 degrees), high-angle light scatter (S to 15 degrees), and 
absorption analysis. The two light scatter measurements 
are proportional to cell size and hemoglobin concentration, 
respectively, and the light absorpt s proportional to the 
content of RNA in stained retic Mature red cells 
and immature red cells (reticuloc e analyzed at the 
same time providing additiona nformation on the 


interrelationship of these two 5 ons. The results ol 
these three parameters are plotte | reticulocyte volume 
histogram, on a hemoglobin conc histogram, and on 


the reticulocyte hemoglobin conten! gram. The reticu- 
locyte hemoglobin content (CH ven useful in the 
diagnosis and management o! 1 adult and pedi: 
atric patients,” 


Nucleated Red Blood Cell Detection 
The ADVIA 2120i identifies the 
peroxidase and basophil measurer 

of NRBC present is estimated as t! 
number of nucleated cells quantitated 
ophil area in the Basophil channel and the 
trophils and eosinophils present in the Peroxidase ch 
The sensitivity and specificity of this method correlate 
with manual microscopy detection”? However, becaus¢ . : 
an indirect measurement, it Carries greater me asurement on 


of NRBC in the 
nnels. The number 
fference between the 
the neutrophil eosii- 
sum of the nev 


anne.” 


s well 


Po 


— 


with direct measurement techniques, possibly from 
Fag substances." 


of al a fag is triggered, the operator should perform the 

corrective action before results are reported. 
presen js divided into three entities: suspect morphology, 
Fieeons triggering criteria. Table 32-3 gives examples of 


flag, ology flagging available on the ADVIA 120/2120 


analyzer 

spinal Fluid Analysis 
Enumeration of RBCs and WBC in CSF samples is performed 
using direct cytometry on the ADVIA 120/2120 system. An 
aliquot of CSF sample is pretreated with the CSF reagent 
that fixes and spheres the cells. The cells are differentiated 
and enumerated based on three optical measurements: high- 
angle scatter, low-angle scatter, and absorbance. The data are 
displayed on the CSF cytograms (Fig. 32-12) and reportable 
results include WBC and RBC counts and percentages and 
absolute values for mononuclear cells, polymorphonuclear 
cells, neutrophils, lymphocytes, and monocytes. 


TABLE 32-3 Examples of Morphology Flagging by the 


ADVIA 120/2120 Hematology Analyzer 


Triggering Criteria 
RDW = 16% 


% LUC = 4.5 and % LUC = 
(% BLASTS plus 1.5) 


% BLASTS 1.5% to 5% 
and % LUC = 4.5%, or 

BLASTS = 5% WBCB and 
(9%Baso + %Baso Susp + 
%BAso Sat) = 10% 


ee, ANISO 
| Aypicallymphocytes Ary? 


BLAST 


HCVAR HDW = 3.4 g/dL 


HYPER % HYPER = 4% 


% HYPO = 4% 


HYPO 


IG (% NEUT + % EOS) = 
% PMN) & 5% 
NRBC + if NRBC are enumerated 


LPLT 
MACRO 
MICRO 


% LPLT > 10% PLT 
% MACRO & 2.5% 
% MICRO & 2.5% 
PLT-CLM Clumps count > 150 


_ Te cot 
dist, 
atta Tibutio, 
Sate nat Ney ei otetty LUC = large unstained cells; HOW = hemoglobin 
leated pec nett Phils: EOS = eosinophils; PMN = polymorphonuclest 


2129 meee 


ae lOod cell; LPLT = large platelet 


TS Manual, Siemens Healthcare Diagnostics, Tarrytown, NY 
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CSF Scatter 


Low Angle Scatter (2° to 3°) ——> 


A High Angle Scatter (5° to 15°) ——+ 
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FIGURE 32-12 ADVIA 2120 CSF assay cytograms. A. CSF scatter cytogram 
and the position of red cells (RBCs), lymphocytes (Lymphs), monocytes 
(Monos), neutrophils (Neuts). B, Scatter/absorption cytogram and rele- 
vant position of various cells. (Courtesy of Siemens Healthcare Diagnos- 
tics, Tarrytown, NY) 


CRITICAL THINKING QUESTION 


32-2 What is forward angle light-scatter used to 
measure? 


Specimen Evaluation With 
Hydrodynamic Focusing, RF/DC 
Technology, and Fluorescent Flow 
Cytometry: The Sysmex XN and XN-L 
Series Hematology Analyzers 


Sysmex America, Ine. produces a comprehensive series of 


multiparameter hematology analyzers (XN and XN-L. Series) 
that use electronic resistance, oF direct current (DC), with 
hydrodynamic focusing for counting RBCs and platelets 
Fluorescent flow cytometry and light scatter are used fi 

the WBC count, PLT count, WBC differential, and NRBC 


een 
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and reticulocyte counts, The XN-Series analyzers perform 
hematology analysis by fluorescent flow cytometry using a 
semiconductor laser and cell-specific stains. Hemoglobin 
is measured using sodium lauryl sulfate (SLS-hemoglobin 
method), These instruments generate multiple scattergrams, 
depending on the tests requested, as well as red cell and plate- 
let histograms, Information reported is customizable by insti- 
tution and may include WBC differential, fluorescent platelet, 
NRBC, and reticulocyte scattergrams, as well as RBC and 
platelet histogram data. 

In 2012, Sysmex released the XN-Series followed by the 
XN-L Series in 2016. The XN-Series offers compact solutions 
for small to medium facilities as well as scalable configura- 
tions for large laboratory facilities. The XN-Series provides 
a total of 31 reportable analytic parameters including the 
routine CBC and six-part WBC differential, RBC count, fluo- 
rescent platelet, and comprehensive reticulocyte analysis. The 
XN-L Series provides full CBC and six-part differential tech- 
nology for small laboratories. The XN-Series can process up 
to 100 samples per hour while the XN-L Series can process up 
to 60 samples per hour. See Table 324 for specifications of 
the XN and XN-L Series analyzers. 


XN-Series 
(XN-10, XN-20) 


TABLE 32-4 Specifications of the XN and XN-L Series Analyzers 


ot ae 


Red Cell Analysis 

The XN and XN-L Series analyzers count and size 
cells using focused hydrodynamic flow imped 
method reduces coincidence counting and variant Pulses dy 
to nonaxial flow and recirculation of cells into the sake 
zone, Red cells and platelets pass through the aperture 4 
the detector surrounded by sheath fluid using laminar flow 
Sheath fluid, which is under slight pressure, surrounds the col 
umn of cells, aligning the particles in single file and guiding 
them through the aperture, When the particles pass through 
the transducer aperture, they interrupt an electronic Current 
and generate a pulse, thereby determining the size of the cell 
Cells are swept away by the sheath fluid and recirculation jg 
prevented. RBCs are represented by histograms with floating 
discriminators (Fig. 32-13). These floating discriminators 
reduce the effect of interfering substances and adjust to indi- 
vidual patient cell populations. 

Hemoglobin analysis is performed using a sodium lauryl 
sulfate (SLS) reagent, which binds with the hemoglobin and 
forms SLS-Hb, An advantage to the SLS-hemoglobin method 
is that it does not contain cyanide, Additionally, common 
interfering substances such as lipemia, high WBC counts, and 


Ted blogg 
ANCE, This 


XN-L Series 
(XN-330, XN-430, XN-530, XN-350, XN-450, XN-550) 


Sample volume Sampler Mode = 88 jzL Sampler Mode = 25 al 
Manual (Closed Cap) Mode — 88 jL Manual (Closed Cap) Mode - 25 pL 
Manual (Open Cap) Mode ~ 88 jxL Manual (Open Cap) Mode = 25 pl 
Dilution Mode — 70 jl Dilution Mode = 70 jal 
Body Fluid Mode = 88 jxL Body Fluid Mode = 70 yl 

Parameters Whole Blood Mode: Whole Blood Mode: 

WBC, RBC, HGB, HCT, MCV, MCH, MCHC, PLT, WBC, RBC, HGB, HCT, MCV, MCH, MCHC, PLT, 
NEUT96/#, LYMPH9%/#, MONO96/#, E096/#, NEUT96/#t, LYMPH96/#!, MONO%/4, EO%/#, 
BASO%/#, NRBC%/#, RDW-CV, RDW-SD, MPV, BASO%/#, ROWCV. RDW-SD, MPV, RETS/¢, IRF 
RET9%/#, IRF, 1G96/#, RET- He#t, IPF 1G%/#, RET-Hed 

Body Fluid Mode: Body Fluid Mode 
WBC-BF, RBC-BF, MN%/t#, PMN96/#, TC-BF# WBC-BF, RBC-BF. MN96/#, PMN90/#,TC-BF# 

Reagents SULFOLYSER™ (Lyse) SULFOLYSER™ (Lys* 

CELLPACK™ DCL (Diluent) CELLPACK™ DCL (Diluent) 

CELLPACK™ DST™ (Diluent)* CELLPACK™ DFL.™ (Diluent) 

CELLPACK™ DFL™ (Diluent) Lysercell™ WOF™ (Lyse) 

LYSERCELL™ WNR™ (Lyse) Fluorocell™ WOF™ (Stain) 

LYSERCELL™ WDF™ (Lyse) Fluorocell™ RET (Stain) 

LYSERCELL™ WPC™ (Lyse)* 

FLUOROCELL™ WNR™ (Stain) 

FLUOROCELL™ WDF™ (Stain) 

FLUOROCELL™ RET (Stain) 

FLUOROCELL™ PLT (Stain) 

FLUOROCELL™ WPC™ (Stain)* 

Principles Performs Hematology analyses using hydrodynamic Performs Hematology analyses according on 
focusing (DC Detection), flow cytometry (using a Hydro Dynamic Focusing (OC Detection), sll 
semiconductor laser), and SLS-hemoglobin method. cytometry method (using a semiconducte™ 

and SLS hemoglobin method 

Dimensions (H x W  D) (inches) 33.7 25.4 x 29.7" 20.08 X 17.72 * a 


—— 


FIGURE 32-13 Normal RBC histogram on a Sysmex X-Series analyzer. 
(Sysmex Instrument Technology, Mundelein, IL, with permission.) 


abnormal proteins present fewer problems with this method. 
Hematocrit is directly measured through cumulative pulse 
height detection and is determined by summing the volume 
of each cell as it passes through the orifice during the RBC 
count. This produces a hematocrit result that closely matches 
the reference method, or spun hematocrit, result. 

The red cell distribution width (RDW) is reported as both 
the RDW-SD (standard deviation) and RDW-CV (coefficient 
of variation). The RDW-SD is an actual measurement (in fem- 
toliters) of the width of the RBC histogram. This measure- 
Ment is made at a point 20% above the baseline. Because the 
RDW-SD is an actual n rement, it is not affected by the 
average size of the RBCs (MCV). The RDW-CV is a math- 
smatically derived par -r calculated using the formula 
RDW-CV =(1 SD/MC 00, where 1 SD reflects the size 
variation of the RBCs i the mean. Because the | SD is 
pices by the MCV. th V-CV measurement is dependent 

€ average size of 1 3Cs or the MCV (Fig. 32-14). 
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on represe 
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e XN-Series can utilize fluores- 
ynfirmatory platelet analysis. In 


Cases 
i 1 RBC fragments interfere with 


e 
Pur prdance Platelet count (PLT-1), the fluorescent platelet 
Vide an panel availat n the XN-Series analyzers pro- 
SEnt flo tonal pla determination, utilizing fluores- 
va lets pe cmetry at platelet-specific reagent dye. Giant 
aS easily mee identified by fluorescent flow cytometry and 
mt j ee ied in the platelet population. RBC fragments 

are “re With the platelet count because their size and 
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thy, lore Count and WBC differential are determined 
ee Scent fl ares 
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The WDF Channel on XN and XN-L Series analyzers dif- 
ferentiates and counts neutrophils, lymphocytes, monocytes, 
eosinophils, and immature granulocytes. It also has advanced 
flagging algorithms to detect abnormal cells such as imma- 
ture white blood cells and atypical lymphocytes. Surfactants 
in Lysercell™ WDF™ cause the hemolysis and dissolution of 
ted blood cells and platelets and penetrates the cell membranes 
of white blood cells. Then the fluorescent dye in Fluorocell™ 
WDF™ enters the cells and stains the nucleic acids and cell 
organelles. The intensity of fluorescence varies among different 
types of white blood cells, depending on the type and amount 
of nucleic acids present. It is possible to differentiate and count 
various cells and flag abnormal cells through the differences 
in side-scattered light and fluorescence intensity (Fig. 32-16). 


Reticulocyte Analysis 

Reticulocytes are enumerated by fluorescent flow cytometry 
using a semiconductor laser and a nucleic acid fluorescent 
dye. Red cells are stained with fluorescent dye and illuminated 
by the laser. This produces a specific wavelength intensity or 
forward fluorescence directly proportional to the quantity of 
RNA in each cell. By analyzing both forward scattered light 
and side fluorescence information, the reticulocyte count and 
reticulocyte maturity indices are obtained. The red cell popu- 
lation is separated into mature erythrocytes and reticulocytes 
(Fig. 32-17). Also determined in this channel is the RET-He, 
or reticulocyte hemoglobin equivalent. The RET-He is a clin- 
ically useful parameter to diagnose iron deficient cell produc- 
tion and monitor the response to corrective therapy.* 


Nucleated Red Blood Cell Detection 

Nucleated red blood cells are counted and distinguished from 
WBC in the WNR channel. After cells have been preferen- 
tially lysed and stained using Fluorocell™ WNR™ reagent, 
the analyzer measures nucleic acid content using side flu- 
orescence and size using forward scatter (Fig. 32-18). The 
distinct differences in size and nucleic acid content differenti- 
ate nucleated red blood cells from white blood cells and thus 
enable a separate count to be provided for each.’ 
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FIGURE 32-16 Location of normal and abnormal cell populations ona 
WBC differential scattergram from a Sysmex X-series analyzer, (Sysmex XE 
Series Technology, Mundelein, IL, with permission.) 


FIGURE 32-17 Sysmex reticulocyte scattergram showing differentiation 
of immature reticulocyte, mature RBC, and optical platelet populations. 
(Sysmex XE Series Technology, Mundelein, IL, with permission.) 


FIGURE 32-18 Normal NRBC scatter 
(Sysmex XE Series Technology, Mun 


x X-series analyzer. 


mission.) 


Abnormal Flags 

Sample abnormalities are indicated by flags or error message 
that appear on the display screen and on the result printout 
These flags can be customized based upon a laboratory» 
predefined limits or are generate bs 
algorithms to indicate results that require further review ©” 
investigation. Using preset criteria, numerical data, particle 
size distributions, and scattergrams, analyzed samples 9 
judged as POSITIVE or NEG ATIVE. With this information, 


instrument softw 
and 


- ; : ossages 
the XN and XN-L Series analyzers generate flags/mess?o° 


: .35gges 
that are referred to as IP (Interpretative Program) Messé6 : 
to meet 


of flag 


The sensitivity of many of the flags can be adjusted 
the laboratory’s needs. Table 32-5 provides examples 


ging messages generated by Sysmex analyzers 


Flag Message 


Generated From Definable? 


WBC Abn Scattergram _WDF and WNR* Scattergrams 

NRBCPresent* __—___-HighNucleatedR6C*count(@s)—SCCt“‘<S CS” 

Neutropenias ae 7s, Low v Neutrophil count (#6) See ae ° 

Reutronaua ae High Neutrophil count (#/%) Yes pling? Oe 

Lymphopenia i% __ Low Lymphocyte count (#/%) sane Sele Te 2 

Lymphocytosis : High Lymphocyte count (#/%) Ze Sites iiiiaian 

Monocytosis High Monocyte count (#/%) Yen a ioe ‘ 

Eosinophilia High Eosinophil count (#/%) eee es at 

Basophilia High Basophil count (#/%) jeu " 

Leukocytopenia Low Leukocyte count (#) a. eos 

Leukocytosis High Leukocyte count (#) Yes SRS 

IG Present High Immature Granulocyte count (#/%) — Yes . — ‘ 
Suspect Blasts/Abn Lympho? WDF Scattergram - win lon Yes” 

Blasts?* WDF and WPC* Scattergrams ee Yes 

Abn Lympho?* WDF and WPC* Scattergrams ; 5 earabce ali “Yes: # 

Left Shift? WDF Scattergram : at Yes 


NRBC?* WOF Scattergram 


Atypical Lympho? WDF Scattergram 


Abnormal RBC Abn Distribution Impedance Histogram Yes 


Impedance Histogram 


Dimorphic Population 


RET Abn Scattergram* RET* Scattergram ee a Yes 
Reticulocytosis* High Reticulocyte count (#/%) sec Fase ; — 
jeteBrett Elevated RDW-SD (#) orRDW-CV (6) Yes 
Mictoeiose e Decreased MCV (#) eel PMR ILS Yor > 
Macrocytosis Increased MCV (#) oe = NCS: eee 
Hypochromia Decreased MCHC (#) at _ Yes gee 
Ane Decreased H HGB(@) Sa, ar 

= ae ata Z Increased | REC?) ee Tae Tees 

Suspect RBC Acototinstontaan “at S{mpedance HIStOg I ee eee 
Turbidity/HGB Interf? Hemoglobin related RMAC Te Yes 
Iron Deficiency? = impedance Histogram and Hemoglobin Yes 


related parameters _ . 


HGB Defect? % * Impedance Histogram _ PUREE Sn cay 
_— Fragments? rh Impedance F Histogram and RET* Scattergram 6 
Abnormal PLT Abn Distribution Impedance Histogram —s oe 
PLT Abn Scattergram* ” pLI-F* Scattergram : ihe oe 

Thrombocytopenia Decreased Platelet count (#) Yes 

increased Platelet count (#) Yes 


Thrombocytosis 


PLT Clumps? WNR®, WOF, and PLI-F* Scattergrams 
jumps? 


= granulocyte; Lympho = b 
basophit Diff = differential; Gran = gr yte; Lympi lymphocyte; RBC « 
tion; RDW-CV = red cell distribution wadth-coefficient of variation; Mev. ted 
MCH = mean corpuscular hemoglobin; PLT « piatmer 


; Ri = immature granulocy'®: aso = 
“he distribution 
‘i mae Volum, reticulocyte; RDW-SD = red cell distri : 
: 3 antN N or rity IC = mean corpuscular hemoglobin concentration: Hgb = 
TOM Sy, rL Series analyzer types sing Guides, Sysmex America nc, Lincolnshire, IL, with permission 
~ 
™MEXXN-Series Instructions for Use and XN-L Series Troublesno? 


OO 
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Body Fluid Analysis 

CSF, serous fluid, and synovial fluid analysis can be per- 
formed on the XN and XN-L Series analyzers. Specimens 
are analyzed in the body fluid mode to provide enumeration 
of the WBCs and RBCs. Fluorescent flow cytometry using 
side-scattered light and fluorescent light are used to deter- 
mine the WBC count, and DC detection is used for the RBC 
count. Bilevel body fluid QC specifically designed for use on 
the XN and XN-L Series analyzers is available. WBC counts 
=0.050 X 10°%nL and RBC counts =0.01 X 10°/L can be 
reported. Lower counts require verification by an alternate 
method. 


Specimen Evaluation by Multi-Angle 
Polarized Scatter Separation (MAPSS™) 
Technology: Abbott Alinity h-Series 


The Alinity h-series is the latest high-volume hematology 
system designed by Abbott to meet the needs of the core 
laboratory. Along with the CELL-DYN systems, Abbott 
maintains a complete range of hematology solutions to serve 
different laboratory settings from small facilities to high vol- 
ume, highly automated reference laboratories. Abbott hema- 
tology analyzers use a variety of technologies that include 
optical light scatter, fluorescence, impedance, and absor- 
bance to perform the Complete Blood Count (CBC) and 
differential (Diff) analysis and measure reticulocytes. The 
Alinity h-series is an integrated hematology solution that 
includes the Alinity hq analyzer module and the Alinity hs 
slide maker and stainer module and is available in various 
configurations. The Alinity hq is a fully optical analyzer that 
uses spectrophotometry and optical and fluorescence flow 
cytometry to generate a CBC-Diff with 29 reportable param- 
eters. Table 32-6 summarizes the primary analysis methods 
used by this technology. 

The primary method of detection for most parameters 
on the Alinity hq is optical light scatter analysis. A beam 
of laser light is passed through a diluted blood specimen 
stream that is projected into the flow cell by hydrodynamic 
focusing (Fig. 32-19). As each cell passes through, the 
focused light is scattered in various directions and detected 
by photodetectors which convert the signal into an electric 


TABLE 32-6 Primary Analysis Methods Used by the 
Alinity hq 


Application 
White Blood Cells (WBC) + Diff 


Technology 


Optical and fluorescence flow 
cytometry 


Red Blood Cells (RBC) / Platelets Optical and fluorescence flow 
(PLT) aed cytometry : 


Hemoglobin (HGB) 


Spectrophotometry 


Optical and fluorescence flow 
cytometry 


Reticulocytes 


Source: Contributed by Abbott Hematology, used with permission. 


Optical Flow Cell Focused Cell Stream 


Laser Beam 


Cell Injection 


FIGURE 32-19 Hydrodynamic focusing used by the Abbott Alinity hq, 
This is the process where a suspension of cells is injected into a rapidly 
moving “sheath” of diluent. This has the effect of ensuring that the cells 
are focused in a path through the center of the laser light beam. 


pulse. The electronic signals are transmitted to a computer 
for storage and analysis. The signals provide information 
about cellular characteristics such as size, internal com- 
plexity, nuclear lobularity/segmentation, and granularity, 
which are used to identify the cells. Cells with similar light 
scatter properties form a cluster in the scatterplot and can 
be separated from other cell clusters using advanced soft- 
ware algorithms. The utilization of these different angles 
of light scatter is known as Multi-Angle Polarized Scatter 
Separation (MAPSS). 

MAPSS is a propriety process that uses the detection of 
scattered laser light measured at different angles, in combina- 
tion with different filters, to separate cells in multiple dimen- 
sions. This permits the counting of the WBCs, derivation ofa 
differential, separation of PLTs and RECs, and the detection of 
different types of abnormal blood elements without the use of 
additional stains or dyes, MAPSS technology was introduced 
and utilized on previously described hematology analyzers 
including the CELL-DYN Ruby and CELL-DYN Sapphire. 
The Alinity hq uses an Advanced MAPSS technology to pr- 
vide a six-part differential including immature granulocytes 
(IGs), improved RBC and PLT analysis, and additional rete 
ulocyte parameters. 

The differences between MAPSS and Advanced MAPSS 
are derived from additional light scatter detectors and a" 
updated algorithm that analyzes more events. Advance 
MAPSS technology utilizes a 488 nm blue diode laser and 
a total of eight light scatter detectors including Axial light 
loss (ALL), four intermediate angles of light scatter (IAS, 
IASI, IAS2, and IAS3), polarized side scatter (PSS), 4¢P° 
larized side scatter (DSS), and one fluorescent channe 
(FL1), Table 32-7 and Figure 32-20 summarize the dete” 
tors, angles of light scatter, attributes, and applicatio? 5 
each detector. 


Red Cell Analysis 7 
RBC analysis on the Alinity hq is optical and uses >! 
ter signals (ALL, PSS, and the four IAS signals) 4° 
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how" 
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|psas 0 Cell size All modes 


“ 32 7 Cell contents Allmodes 


Hemoglobin RBC, PLT, and 
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7 Cellvolume —- RBC, PLT,and 
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5.9-7.6 Cytoplasmic RBC, PLT, and 
granulation reticulocyte 
Nuclear All modes 


segmentation 


Eosinophil CBC (eosinophils) 
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90 fluor Fluorescence CBC (nucleated 
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PGURE 32.95 . 
Pranced Mapsco™Ple of the light scatter detectors used in the 
Pi.) BC analysis. (Courtesy of Abbott Laboratories, Abbott 
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FIGURE 32-21 The different angles of light scatter used in the RBC 
analysis on the Alinity hq. The additional IAS angles improve separation 
between RBCs and PLTs and allow for the calculation of the cellular 
hemoglobin concentration. (Courtesy of Abbott Laboratories, Abbott 
Park, IL.) 


hemoglobin is converted into a chromogen with an absorp- 
tion peak of 540 nm (Fig. 32—22).*° Multiple angles of scat- 
ter measurement are also used for cell-by-cell RBC volume 
and cellular hemoglobin concentration (CHC) analysis. The 
CHC X Volume scatterplot (Fig. 32-23) shows the optical 
RBC measurements graphed as a scatterplot with gridlines at 
60 and 120 fL for volume and 28 g/dL and 41 g/dL for cellu- 
lar hemoglobin concentration. This scatterplot can be used to 
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FIGURE 32-22 In the hemoglobin flow cell, the sample is illuminated 
bya 540 nm light-emitting diode (LED). A photodetector measures the 
amount of light that passes through the sample. (Courtesy of Pree 
Laboratories, Abbott Park, iL) 
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CHC x Volume (RBC) Platelet Analysis 

PLTs are measured optically using the ALL, IAS, IAS] 
IAS2, IAS3, and PSS detectors, and measured concurrently 
with RBCs in a separate dilution from the one used for the 
evaluation of WBCs. Optical PLT counting methods allow 
for better separation between the cellular elements of bloog 
because they collect signals that reflect the internal structure 
and complexity of the cells, in addition to their size. The 
Advanced MAPSS™ technology on the Alinity hq uses six 
detectors to distinguish PLTs from cells and particles of sim. 
ilar size such as microcytes, spherocytes, RBC fragments, 
and debris. Capturing the scattered light in multiple angles 
improves the differentiation of RBCs, PLTs, and other cel- 
lular events or particles by providing additional information 
about the cells and by creating unique optical signal sig- 
natures (Fig. 32-244). This is particularly evident in cases 
where RBCs have low volume (microcytes, schistocytes, 
spherocytes) and the volume of these small/fragmented 
RBCs overlap with PLTs (Fig. 32-248). In this respect, the 
multidimensional optical PLT counting method provides 


120 


Volume 


CHC ¢ ae P : 
FIGURE 32-23 The RBC cellular hemoglobin concentration (x-axis) vs. better differentiation than the impedance PLT Sornung 
: RBC size (y-axis) is depicted here. The entire population of RBC is shown, method.*4 The performance of the Alinity hq PLT count 
and deviation from normal in terms of microcytosis, macrocytosis, has been shown to be comparable to flow cytometry results. 
) hypochromia, and hyperchromia is visualized by four fixed thresholds Bias at the 10.0 X 10°%/L and 20.0 X 10°/L PLT transfusion 


that define hypochromic (<28 g/dL), hyperchromic (>41 g/dL), microcytic thresholds was negligible compared with the international 


aera pyres a feih20 9 REG (Courtesy of Abbott Laboratories reference method.* These results suggest that Alinity hq 


delivers accurate PLT results in severely thrombocytopenic 


hte 5 Reape Ms ient rting P i isions. 
indicate distributional abnormalities of both volume and cel- Poors UDOLu De class ransrisiOn OCCssi005 


lular HGB concentration, as well as the presence of multiple | Leukocyte Analysis 

RBC populations which may occur in myelodysplastic syn- | During WBC analysis, the Alinity hq aspirates and dilutes 
drome, response to treatment in iron deficiency, presence of _ whole blood, and the resulting cellular suspension is then 
cold agglutinins, or a recent RBC transfusion.*! exposed to lysing and membrane-permeable fluorescent dye 
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‘TAS? x IAS3 (RBC/PLT) 


A 36 
FIGURE 32-24 Separation of PLTs and RBCs in the IAS2 versus IAS3 scatterplot on the Alinity hq. A. Normal example showing clear differentiation 
between the RBCs (red) and the PLTs (yellow). B. Microcytic anemia showing a narrower gap (due to reduced size differences) but a well-defined separe” 
tion between the RBC and PLT populations. (Courtesy of Abbott Laboratories, Abbott Park, IL.) 
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c his process destroys RBC (and NRBC) membranes 
agent: aintaining the WBCs in their near native state. The 
gee the WBCs and any NRBCs are Stained with flu- 
quclei o dye which assists in cell classification. The cel- 
of t Pon then is injected into the optical flow cell, 
qula ind data from eight detectors are collected on up to 
; B00 cellular events (Fig. 32-20). The eight detectors 
are used to collect signals from each cell provide more 
ation on cellular characteristics, thereby increasing 
accuracy of cell identification and differentiation with- 
the need for additional shame mn cee a 
: flow cytometry captures the light emitted from 
Be ular components that fell in front of the laser 
. This feature enhances the analysis, allowing for the 
‘quantification of IGs as a separate component of the dif- 
ferential, and ensuring that nonnucleated events such as 
§ istant RBC and cellular debris do not interfere with 
the WBC count (Fig. 32-25). 
After completion of raw data collection, the instrument’s 
; “software algorithms perform a multidimensional analysis of 
; the raw data, separating the cells into individual components of 
the WBC differential. Information from all the detectors is uti- 
lized, with measurements from certain detectors aiding in cell 
Es separation and classification. The IAS and PSS measurements 
_ ae used to separate polymorphonuclear cells from mononu- 
: lear cells (lymphocytes and monocytes) based on complexity 
‘ and lobularity (Fig. 32-264). Eosinophils are differentiated 
4 based on the DSS signal, as the granules of eosinophils are 
_ More efficient than neutrophil granules in depolarizing light 
ee (Fig. 32-268), Lymphocytes, monocytes, and basophils are 
*<parated using ALL (size) and IAS (complexity) (Fig. 32-26C) 
* Part of the multidimensional analysis. NRBCs and nonfluo- 
_ ‘*scent material are differentiated from WBCs based primarily 
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wie 32-25 

Fercettu Scatterplot from the Alinity hq analyzer. The 
Selig) (APC REC, t analysis allows for a valid WBC count in cases of 

: 0 the cells lack of fluorescence (gray population 
bort Laboratories, Abbott Park, IL) 
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on their small size and fluorescence activity (Fig. 32-26D). IGs 
are enumerated separately in the six-part differential using a 
combination of their light-scatter principles and fluorescence. 
The separated and classified cells are displayed on the Alinity 
in colored scatterplots. 


Reticulocyte Analysis 

Reticulocyte measurement uses an aliquot taken from the RBC/ 
PLT dilution and mixed with the reticulocyte reagent, which 
uses a fluorescent dye that binds to the RNA found in retic- 
ulocytes. The Alinity hq algorithm first separates RBCs from 
platelets and WBCs based on size and fluorescence properties 
and then differentiates mature RBCs with very low fluores- 
cence from higher fluorescing reticulocytes using a dynamic 
threshold. A second dynamic threshold is used for separat- 
ing the immature reticulocyte fraction (IRF), which have the 
highest fluorescent intensity, from more mature reticulocytes. 
The combination of optical flow cytometry with fluorescence 
to detect reticulocytes enables the determination of the Mean 
Cell Hemoglobin Content of the Reticulocyte (MCHr). MCHr 
(also referred to as Reticulocyte Cellular Hemoglobin Content 
(CHr] or Reticulocyte Hemoglobin equivalent [RET-He] by 
non-Abbott analyzers) is considered to be a measure of iron 
availability for erythropoiesis. The Alinity hq also provides a 
reportable % reticulated PLT count (%rP) parameter using a 
similar method to that used to separate IRF from mature retic- 
ulocytes. Y%rP is analogous to the immature platelet fraction or 
IPF on other non-Abbott analyzers. 


Nucleated Red Blood Cell Detection 

NRBC detection and enumeration is included with every 
CBC processed on the Alinity hq. The membrane-permeable 
fluorescent nuclear dye facilitates the separation of nucleated 
cells (WBC and NRBC) from nonnucleated events, such as 
lyse-resistant RBC and cellular debris. Fluorescent emission 
from cell nuclei is measured with a detector in the FL! chan- 
nel (Fig. 32-27). This information allows NRBCs to be sep- 
arated from WBCs and displayed as both an absolute number 
and number per 100 WBCs (NR/W). 


Abnormal Flags 

The Alinity hq offers a comprehensive flagging strategy that 
includes morphological flags, data invalidating flags, system 
messages, numerical result flags, and optional flags. Morpho- 
logical flags are generated by the algorithm based on sam- 
ple characteristics; they will suspect or invalidate a result, 
depending on the parameter and extent of the abnormal char- 
acteristics detected. Morphological flags on the Alinity hq 
are summarized in Table 32-8. Data invalidating flags and 
system messages typically indicate an issue with the system 
hardware or with the algorithm during sample processing and 
will invalidate potentially affected results. Numerical result 
flags are either limit set flags, for example, if a patient or QC 
result is outside of user defined limits, or calculation or dis- 
play status flags where the system cannot calculate or display 
reliable results, for example, if the sample result is outside of 
the analytical measurement range (AMR). Optional flags are 
generated based on user-defined limits for numerical results 
and can be defined for most parameters. 
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FIGURE 32-27 NRBC and NR/W parameters are included as part of every 
CBC. The WBC reagent contains a lyse and a nucleic acid-selective fluores 
cent dye. The lyse removes the membrane of the NRBC while leaving the 
WBCs intact and the dye fluoresces at 525 nm allowing for the differenti 
ation of nucleated (WBC and NRBC) from nonnucleated cells. (Courtesy of 
Abbott Laboratories, Abbott Park, IL.) 


Body Fluid Analysis 

Despite the capability of Abbott’s legacy Cell-Dyn series to 
provide accurate automated body fluid cell counts,” at the 
time of this publication, the Alinity h series analyzers are 
not currently approved to provide body fluid cell counts.’ 


PSS x DSS (WBC) 
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FIGURE 32-26 The separation of cells using scatterplots from the Alinity hq. A. Polymorphonuclear cells and mononuclee 
neutrophils. C. Monocytes, basophils, and lymphocytes. D. Nonfluorescing material and NRBCs (if present). (Courtesy of Abl 


sinophils and 
ories, Abbott 


studies have doc- 
fluid cell counts 


sing less sample 


However, preliminary internal evalua 
umented improved performance { 
using the dedicated body fluid ap; 
volume than previous models 


Additional Parameters 
The cell-by-cell measurement of HGB concentration allows 
the creation of a CHC distribution > (histogram), and 
from this, several Research Use Only 
the CHC mean value (CHCM) and the Hemoglobin Distribu- 
tion Width (HDW) can be derived. The CHCM is used t0 cre- 
ate a “calculated HGB” concentration using the MCV value 
and the RBC concentration. Although this is not a reportable 
parameter, it can be a helpful indicator of sample quality aad 
pared with measured HGB. If the measured and calculated 
HGB values differ by more than a defined threshold, the Alin: 
ity hq displays a “HGB Interf” flag alerting the uset of the 
potential presence of sample interferences 

The HGB distribution curve is used to generate the % hype 
chromic (%HPO) and % spherocytic RBCs (%HPR) Research 


ameters, including 


— 


-8 Morphological Flags on the Alinity hq 


PLT Clump 


Indicat 


tes the ‘Presence of platelet clumps (aggregates). 
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inaccuracy. 


Only parameters, based on preset thresholds. Studies 
demonstrated that % hypochromic RBC is a sensitive 
for detecting iron deficiency and functional iron 
** and % spherocytic RBC can assist in screen- 
for hereditary spherocytosis and its differentiation from 
mmune hemolytic anemias.*? Other Research Use Only 
rameters available as part of RBC and PLT analysis include 
Mmicrocytic RBCs (%MIC), % macrocytic RBCs (“MAC), 
d platelet (volume) distribution width (PDW). 


laboratory automation platforms integrate automated 
tal ~ ey analyzers with automated slide makers and digi- 
; di ff phology analyzers to support the performance of WBC 
mals in blood and body fluid samples. Development of 

‘ &, po morphology anelyzers began decades ago, but it 
on Me part of the regular laboratory workflow until 

Tholon, “ith the release of the first CellaVision digital mor- 
Potion ofthe in 2001. While other analyzers do share a 
Next jig... market (Sysmex DI-60, Vision Hema, Easy Cell, 
Mayra Cobas ms1 1, HemaCam, and others), CellaVision 
WVisionaiyy ge Vision®DM96, CellaVision®DM1200, Cel- 
be the focus 9600) are the most popular and therefore, will 
ign of th Of the literature discussed in this text.!®*! In the 
The Stems, digital microscopes are coupled with 

weed films, digital Microscope can scan prepared and stained 
(Sq the Sntify an appropriate area of the smear to eval- 
:° Oi Shag ra will capture images of red blood cells 
san al TSion) and white blood cells (100X oil immer- 


4 is. Ima oe ‘ 
Cial py, SCS are preclassified by the system using 
— rie that co 


Moet’ : ide con 
iginay lib “Stte or remote locations. Electronic archi- 
*€S can also facilitate technologist training 


+ Left Shift _Indicates the Presence of increased numbers of band neutrophils. 
__BLAST Indicates the presence of blast cells. on 
VAR LYM Indicates the presence of increased numbers of reactive, activated, or abnormal 
lymphocytes. It may also Suggest the presence of blast cells. 
RBC Frag x Indicates the presence of RBC fragments or schistocytes. —_ 
rstRBC Indicates the presence of unlysed RBC (for example, target cells or sickle cells). — 
HGB Interf Indicates a significant difference between photometric and cellular HGB results that is 


Caused by the presence of interfering substances in the sample or by sample dispensing 


and competency evaluation.“ Research studies comparing the 
accuracy of morphology classification using the CellaVision 
system to results obtained from hematology analyzers and 
manual technologist review have demonstrated accurate clas- 
sification of mature and precursor leukocytes.““* The system 
has also proven effective in the recognition of red blood cell 
morphology,* as a tool for platelet estimation, and classifi- 
cation of cells in body fluids. 

Despite automating a portion of the manual labor involved 
with differential reviews, the wide adoption and validation of 
digital morphology analyzers does not remove the necessity for 
review by a competent technologist. Recognition and classifi- 
cation of cells are limited to the comparative reference library 
within the analyzer’s network and thus is subject to cases of 
classification error.” Comparative studies that have evaluated 
the performance of digital morphology analyzers integrated 
across different hematology analyzer manufacturer platforms 
also recognize the inability to standardize preanalytical, ana- 
lytical, and postanalytical factors.“*'* These factors include 
natural variances between patient populations, concerns with 
sample integrity, differences between automated and man- 
ual blood smear preparation and staining, and application of 
laboratory decision rules for manual slide review. For these 
reasons, digital morphology analyzers will remain a power- 
ful laboratory tool but cannot replace the manual intervention 
required of competent hematology laboratory technologists. 


Quality Control and Quality Assurance 
Measures for Automated Complete Blood 
Count Instruments 


The Clinical Laboratory Improvement Amendments 
of 1988 and accrediting agencies such as the College of 
American Pathologists (CAP) and the Joint Commissi = 
on Accreditation of Healthcare Organizations (iCAH 0) 
require laboratories to establish @ system for quality control 
and quality assurance. This mechanism safeguards the oak 
ity of the results and services a laboratory can provide. The 
system is composed of several elements that ensure quality 
through the preanalytic, analytic, and postanalytic pp of 


a 
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testing. For automated hematology analyzers, quality assur- 
ance includes validation procedures, calibration and calibra- 
tion verification, quality control, instrument maintenance, 
proficiency testing, and result reporting procedures. 


Quality Control Procedures 

QC measures for CBC instruments involve the analysis of sta- 
bilized control material to evaluate the accuracy and precision 
of the instrument. Routinely, control materials are assayed 
by the manufacturer and have tanget means and ranges estab- 
lished for each lot number. Despite these established means 
and ranges, laboratories must verify the manufacturer’s ranges 
or establish their own ranges before using a new lot of control 
material to monitor and check instrument performance. Once 
means and ranges are established, at least two levels of control 
material should be analyzed every 8 hours during each day 
of patient testing. Analyzers with reticulocyte and body fluid 
counting capabilities will require additional QC measures. QC 
results should be evaluated daily for acceptability and period- 
ically thereafter (i.e., weekly or monthly) utilizing statistics 
such as coefficient of variation (CV) and standard deviation 
(SD) and other tools such as Westgard rules or Levy—Jennings 
charts to detect imprecision. System performance can also be 
monitored during routine analysis of patient specimens using 
moving average programs (including X-B). In addition, labo- 
ratories must also have procedures in place that outline what 
actions personnel should take when daily QC is unacceptable 
or when QC statistics have changed significantly. Quite often, 
manufacturers of automated hematology analyzers offer 
interlaboratory peer QC programs to provide added quality 
assurance. Subscribers of these programs submit QC results 
on a monthly basis and in return they receive a comprehen- 
sive report that compares their results against those of peer 
laboratories using the same lot of control material. Real-time 
monitoring of results off-site can also permit manufacturers to 
suggest preventative maintenance. 


Quality Assurance Measures 
Successful participation in an external proficiency testing 
program is an essential quality assurance action required to 
meet accreditation requirements for CLIA and other agencies, 
Proficiency testing programs provide blind samples to labora- 
tories for scheduled testing two or three times per year. Lab- 
oratories must handle and test samples in the same manner as 
patient testing. Proficiency testing results are submitted to the 
testing provider for analysis. After the testing window closes, 
each participating laboratory receives a comparison report 
that evaluates their performance against other participants 
utilizing the same technology. Evaluation summaries provide 
independent and objective assessment of performance and can 
be invaluable tools for detecting problems in instrumentation 
and identifying the need for additional employee training. 
Also important in ensuring quality results is instrument main- 
tenance. Maintenance procedures and required frequency are 
analyzer and manufacturer dependent. Preventative maintenance 
procedures are developed by the manufacturer and are designed 
to keep the instrument functioning properly. Maintenance can 
range from simple actions such as flushing the tubing on a 
daily basis to more in-depth procedures that are performed less 


frequently by manufacturer technical support Personnel, U 
uled maintenance may also be required to troublesh ‘Sched, 
patient results or resolve automated operational error 

Before the implementation of an automated hens 
system, laboratories must validate the instreneis 
mance, This process involves verifying the accura 
cision of the instrument, performing linearity studi 
or establish the instrument’s analytic measuremen 
correlation studies that compare the new method to the ¢ 
method or other reference standard. Calibration procednuye 4 
a set of operations established by the manufacturer to ace 
instrument consistently yields accurate results. For CBC | - 
ments, manufactured stabilized whole blood calibrators are 
used to adjust and verify the accuracy of the Measuring system, 
In addition, multiple analyses of fresh whole blood Specimens 
are tested to ensure reproducibility. Calibration verification is 
performed immediately after calibration and periodically there. 
after to check the accuracy of the calibration. Frequency of cal. 
ibration and calibration verification depends on the instrumen, 
manufacturer’s recommendations and accreditation agency 
requirements. In addition, laboratories must also establish their 
own criteria for calibration and calibration verification. Exam- 
ples where calibration might be required include unusual trends 
in quality control results or after major system maintenance. 


eS to Ver} 
t range, ang 


Result Verification and Decision Rules 
Establishing procedures for evaluating and reporting auto 
mated CBC results helps maximize efficiency and prevents 
the reporting of erroneous results. New advances such as uset- 
friendly computer software and enhanced software capabilites 
that improve cell population separation, automated reticulocyte 
counts, bar code sample identification, closed tube sampling, 
on board sample mixing and slide making, and greater sam 
ple throughput have improved laboratory safety, productvt). 
efficiency, and workflow. Moreover, these advanced features 
contribute to cost-effective laboratory operations and efforts'® 
preserve quality patient care in the managed care environmet 
Because current automated analyzers with histogram ah 
ferential capabilities generate comprehensive interpretive 
reports containing detailed information about abnormel 
ties, careful evaluation of the data can provide an effi 
screening tool, Automated results can direct the technol FE 
to focus on specific problems and troubleshoot for ee 
results that may arise in either quantitative oF re 
parameters. Artifactual hematologic abnormalities ~ 
tory test results can lead to serious complications a : 
of an incorrect diagnosis and inappropriate treatmen : 
on undetected, technically induced errors.” A ae a 
literature suggests that the newer hematology pone of 
have become increasingly sophisticated and sho . signif 
advanced automated blood cell analyzers panne! anced 
cant abnormality are small. Nevertheless, despite « resulls 


technologies currently in use, artifactual and eet? pel 
still occur’ (Table 32-9). The awareness re # 
limitations, appropriate troubleshooting, and sion 58 
of reflex testing protocols by laboratory vcore 
prevent the reporting of erroneous results and - 
ment of patients with suspected hematologt¢ dis 


False Decrease 


Cold agglutinins 

Leukoagglutination 

EDTA induced aggregation (glycoprotein lib/Iila 
auto-Ab mediated) 


Dilution 
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False Increase 


Cryoglobulins microorganis t 
i) ganisms presen’ 


Lyse resistant RBCs (ex. sickle cells and target cells) 
PLT aggregation, clumping 


Dysplastic granulocytes (hypolobular/ 
hypogranular) 
Degenerated cells are not counted 


Rare 


Rare NRBCs counted as lymphocytes 
Dysplastic granulocytes misclassified 
Hypergranulated basophils 

Rare 


Degranulation 
Dysplasia (hypogranulation) 


Atypical lymphocytes, blasts, or dysplastic granulocytes misclassified 


Cell inclusions cause misclassification (ex. hemosiderin, malarial 
parasites) 


Elevated sulfhemoglobin 


Dysplasia (hypogranulation) Poor mixing 
- Abnormal granulation 
Cold agglutinins Giant PLTs 
Dilution Large RBC fragments 
Dilution Turbidity (ex. hyperlipidemia, contamination, hypergamma 


globulinemia, cryoglobulinemia) 
Extreme leukocytosis 
Extreme hemolysis (hemoglobinemia) 
Elevated carboxyhemoglobin 


Errors in RBC or MCV measurement 


Errors in RBC or MCV measurement 


Hypo-osmolar cells dehydrate in diluent 
Giant PLTs 


Cold agglutinins 
Hyper-osmolar cells overhydrate and swell in diluent (ex. hyperglycemia, 
hypernatremia, dehydration) 


Errors in HGB or RBC measurement 


Cold agglutinins 


Errors in HGS measurement or HCT calculation 
(RBC Or MCV measurement errors) 


Errors in HGB measurement or HCT calculation (RBC or MCV 
measurement errors) 


Cold agglutinins 

Giant PLTs 

PLT-WBC rosettes (Satellitism) 

PLT-wec aggregation 

EDTA induced aggregation (glycoprotein IIb/llla 
auto-Ab mediated) 

Clotted sample 

Dilution 


cc; 4 borator: ; 
e j "eS use a standardized set of decision rules 


eee if 2 
ta e ae Tesults should be automatically veri- 
med ty - require further evaluation. These rules 
aa i 3 €ntify abnormal or unexpected patient 
ary shige © the slide review rate by eliminating 
Te eee Decision rules can be applied as 
T mida| €rred to the Laboratory Information 
i ©ware. Additional on-board decision 
© analyzer software can automatically 
ble testing. In fully integrated analyzers. 
Automatic preparation of stained smears 


e 


Cryoglobulins 
Fragmented RBCs 
Cytoplasmic fragments 
Extreme microcytosis 
Microorganisms present 


Consensus rules for slide review were originally pub- 
lished by the International Society of Laboratory Hematol 
ogy (ISLH) in 2005 to assist laboratories in refining rules 
for slide review. Examples include action limits on RDW., 
HGB, and RBC parameters to tigger @ morphological evaty- 
ation of blood films, limits on RBC indices to identify causes 
for interferences such as lipemia or hemolysis, and limits on 
platelet counts to recognize platelet clumping or sample clot- 
ting. Included within the criteria for each parameter are Sug 
gestions that outline necessary corrective actions to take when 
results exceed prescribed limits (Table 32~)0), Although the 
ISLH review criteria have been widely validated, variations 


ee 


TABLE 32-10 International Consensus Group for Hematology Review Consensus Rules 


Rule Parameter Primary and/or Secondary and/or Tertiary n 
1 Neonate First sample Slide review pal 
2 WBC, RBC, HGB, PLT, Exceeds linearity Dilute sample and 


Retics rerun 


3 WBC, PLT Lower than lab- Follow lab SOP 
verified instrument 
linearity 
4 WBC, RBC, HGB, PLT Vote Out Check sample forclot Rerunsample If persists, 


perform 
alternate 
counting 
method 


5 wec <4,0 OR >30.0 and first time Slide review _ 
6 WBC <4,0 OR >30.0 and delta failed and within 3 days Slide review 
7 PLT <100 OR >1000 and first time _ Slide review y 
8 PLT Any value and delta check Slide review 
fail a £ 
9 HGB <7g/dL or >2 g/ and first time Slide review pedabegl 
dL above upper raps abe 
reference range for 
age and sex : - 
10 MCV <75 flor >105 fl and first time and specimen Is Slide review 
(Adult) < 24 hours 
old ae) i a ‘ - 
; Request fresh Report with 
105 fl d Adult and specimen is Slide review for t 
' ? 3 ey hrs old macrocytic associated sampleifNO comment 
changes macrocytic if fresh 
associated sample is not 
changes seen _ available 
112 MCV Any value and delta fails and specimen |s Verify sample : 
<24 hours integrity/identity 
old 
Check for lipemia, 
B MCHC =2 units above upper 
limit of reference hemolysis, RBC 
range agglutination, 


spherocytes 


“4 MCHC <30 and normal/high Investigate possible 
MCV WV contamination or 
other sample specific 
q cause 
15 ROW >22 and first time Slide review 
Differential 
| 16 Manual diff and slide 
dt review 
Neut # <1.0 or >20,0 and first time Slide review 
Lymph # >5.0 (adult) or >7,0 and first time Slide review 
(<12 years old) 
Mono # >1,5 (adult) or >3,0 and first time Slide review 
(<12 years old) 
Eos # 20 and first time Slide review 
Baso # 70.5 and first time Slide review 
NRBC #RETICS Any value and first time Slide review 
Retic Absolute # >0.100 and first time Slide review 
a a es OPO PRS Sa gi re s 
Suspect flag (except Flag + and first time and Adult Slide review 
ImmG/Band) 
Suspect flag Flag + and first time and Child Slide review 
WEC unreliability Flag = Flag + any Check sample If persists, Slide review 
Integrity and rerun review with manual 
sample instrument diff if 
ourput indicated 
ABC fragment Flag + any Slide review 
Dimorphic RBC Flag + and first ime Slide review 
Lyse resistant RBC Flag + any Review WBC Validate Eg. review 
histogram/cytogram by lab SOP umear for 
(consider abnormal 
Incorrect retic RBC 
count) morphology 
PLT clump flag Any count Check sample for Slide If cluenps 
dots review (PLT persist, 
estimate) follow lab 
sop 


Continued 


TABLE 32-10 International Consensus Group for Hematology Review Consensus Rules—conr’d 
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Rule Parameter Primary and/or — Secondary and/or Tertiary and/or — Fourth Action 1 Action 2 Action 3 is 
> 
31 Platelet flags PLT & MPV flags Slide review 3 
except pit clumps é 
a 2 SASS DERE. SERIO. c & SEE = f 
32 Immature Flag + and first time Slide review x 
granulocyte flag ea 
smell ad = = = ae ROE. r= Ceienetnd ao 
33 Immature Flag + and Previous and positive delta Slide review g 
granulocyte flag confirmed fail for WBC § 
result = 
cewid nae = — St oe is : —= = 
34 Left shift flag Flag + Follow lab SOP FA 
35 Atypical/variant Flag + and first time Slide review , 
lymphs 
36 Atypical/variant Flag + and Previous and positive delta Slide review 
lymphs confirmed fail for WBC 
result 
37 Blast flag Flag + and first time Slide review 
38 Blast flag Flag + and Previous and delta pass and within Follow lab SOP 
confirmed or negative 3-7 days 
result delta for WBC 
39 Blast flag Flag + and Previous and positive delta Slide review 
confirmed fail for WBC 
result 
40 NRBC flag Flag + Slide review If positive, 
enumerate 
NRBC count, 
correct WBC 
if appropriate 
41 Retics Abnormal pattern Look at instrument Repeat if If persists, 
output aspiration review slide 
problem 


Source: Consensus Guidelines 


jety for Laboratory Hematology Website (www.islh.org). Accessed on November 27, 2006. 


— 


in instrument technology and patient populations have led 
regulatory agencies and others to suggest the need for local 
verification of these standards in a laboratory setting before 
implementation." 4 


SUMMARY CHART 


e Automated cell counts and differential analysis is an 
important screening tool in the laboratory that can 
require confirmation using manual procedures. 


e Automated differential analysis is currently based 
on quantitation, evaluation of cell volume, cell light 
scattering, cytochemistry, and fluorescence. 


e The Coulter Principle of electronic impedance is the 
gold standard technology used to count and size cells. 


e Red cell histograms quantify red blood cells and 
calculate cell size (MCV) and red cell distribution 
width (RDW) as well as measure hemoglobin, includ- 
ing mean corpuscular hemoglobin (MCH) and mean 
corpuscular hemoglobin concentration (MCHC). 


e Advanced Red Cell parameters such as Ret-He, IRF, 
and CHr provide additional information regarding 
reticulocyte quality and maturity and are more sensitive 
than the reticulocyte count in the assessment of bone 
marrow activity. 


Platelet histograms quantify and display characteristics 
of size and uniformity platelets. 


* Leukocyte histograms quantify and separate white 
blood cell subpopulations. 

* Coulter VCS technology uses three independent energy 
Sources, including electrical impedance to measure vol- 
ume, light-scattering characteristics for determination 
of cell structure and shape, and conductivity (RF) for 
differentiation of white blood cell subpopulations. 
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CRITICAL THINKING QUESTION 
32-3 How often should quality control samples be tested on 
hematology instruments? 


Siemens automated blood analyzers are based on 
principles of optical flow cytometry, cytochemistry, and 
light scattering. 

Sysmex automated blood analyzers use direct current 
(DC), hydrodynamic focused flow impedance, and 
fluorescent flow cytometry to size and count blood 
cells. Flow cytometry is used to differentiate WBC 
subpopulations. 


Abbott analyzers use MAPSS (Multi-Angle Polarized 
Scatter Separation) technology to count and differentiate 
WBCs. 


Analyzers will flag sample abnormalities to alert the 
technologist of results in need of further investigation 
or confirmation by reviewing the peripheral blood 
smear. 

Digital morphology analyzers such as the CellaVision 
can scan peripheral blood smears, capture digital images, 
and preclassify cells for review by a technologist. 
Federal regulations require laboratories to develop a 
quality assurance system. 

Quality control and analyzer maintenance procedures 
are analyzer dependent. 


Each institution should establish criteria for the review 
of automated results. 


LS clas 


Please See the Case Studies with accompanying illustra- 
nS at www. fadavis,com. 
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REVIEW QUESTIONS : 


i. 


What is the main use of leukocyte histograms and 
scatterplots? 

a. Screening for hematology parameters 

b. Primarily a research tool 

c. Replace the manual differential 

d. Measuring WBC function 


. What information from the CBC is illustrated by a 


histogram? 

a. Specific cell morphology 
b. Exact number of cells 

c. Average cell size 

d. Cell differential 


. Which of the circumstances below can lead to inaccu- 


rate analyzer results? 
a. High WBC count 
b. NRBCs 

c. Low hematocrit 
d. High neutrophils 


. What does an RBC histogram distribution curve that is 


shifted to the right indicate? 
a. Macrocytosis 
b. Anisocytosis 
c. Microcytosis 
d. Spherocytosis 


. What does an RBC histogram distribution curve that is 


shifted to the left indicate? 
a. Macrocytosis 
b. Anisocytosis 
c. Microcytosis 
d. Spherocytosis 


. The RDW represents a parameter that quantifies 


relative: 

a. Macrocytosis 
b. Anisocytosis 
c. Platelet size 

d. Microcytosis 


. What do the MPV and PDW parameters describe? 


a. White blood cell size 
b. Red blood cell size 
c. Platelet size 

d. Multiple cell size 


What does an increased IPF or reticulated platelet value 
best indicate? 

a. Bone marrow failure 

b. Increased platelet production 

c. Increased platelet destruction 

d, Immature granulocytes 


9. 


10. 


11. 


12. 


13. 


14. 


Which of the following best describes the principle 
of the white cell differential of Coulter DxH Series 
instruments? 

a. Laser and light scatter 

b. Volume, cell size, and cytochemistry 

c. Volume, conductivity, and light scatter 

d. Laser and immunofluorescence 


Which of the following best describes the principle of 
the Siemens ADVIA 120/2120 technology? 

a. Electrical impedance, volume, and conductivity 
b. Flow cytometry, cytochemistry, and light scatter 
c. Chemiluminescence and laser cell counting 

d. Cell volume and light scatter 


What best characterizes the principle of Sysmex 
XN-Series analyzers? 

a. Impedance and light scatter 

b. Cytochemistry and flow cytometry 

c. Impedance and fluorescent flow cytometry 
d. Conductivity and volume 


Which best describes the differential principle of the 
Abbott Alinity hq? 

a. VCS 

b. MAPSS 

c. Impedance 

d. Cytochemistry 


How often is quality control recommended for hema- 
tology analyzers? 

a. One level each day of testing 
b. Two levels each day of 
c. One level every 8 hours, each day of testing 
d. Two levels every 8 hours, each day of testing 


What should be the basis for the decision to accept 
an automated leukocyte histogran differential or to 
perform a conventional manual! differential? 

a. Each laboratory’s established cr 
b. Availability of qualified techi 
c, Laboratory workload 

d. Manufacturer’s recommendatior 


itera 


logists 


See answers at the back of this 6 
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Determine the need for a mixing study based on 
‘ory and activated partial thromboplastin 
time and prothrombin time test results. 

Assess activated partial thrombopiastin time mixing 
study results consistent with factor deficiencies. 
versus inhibitors, 

orize factor assays into those utilizing the pro- 
thrombin ume and those utilizing the activated par 
thromboplastin time as the base testing method, 


patient hist 


Method 33-21: Protein C Got-Bated 
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LEARNING OBJECTIVES—cont'd 


33-7 Link inhibitor assays to the types of patients that 
may develop associated inhibitors. 
33-8 Assess the use of the thrombin time and reptilase 
time. 
33-9 Contrast tests utilized to monitor heparin versus 
those to monitor warfarin. 
33-10 Explain the importance of the von Willebrand factor 
molecule, 
33-11 Differentiate tests for von Willebrand's disease as 
either quantitative or qualitative. 
33-12 Evaluate hereditary and acquired forms of thrombosis 


and the tests used to assess them. 


latelet function tests and coagulation instrumentation are 
coagulation methods necessary for assessment of primary 


and secondary hemostasis mechanisms, as well as adequate 
fibrinolysis and the evaluation of potential factor, protein, 
and inhibitor deficiencies. These methods contribute to the 
capability of understanding a patient’s hemostatic condition, 
Coagulation methods include a collection of fully automated, 
semiautomated, and manual analysis methods. The following 
are general considerations regarding coagulation procedures: 


Sodium citrate is the anticoagulant used for routine coag- 
ulation procedures (3.2%, 0.109 M). Other anticoagulants 
such as ethylene diaminetetraacetic acid (EDTA), heparin, 
or oxalate are unacceptable. 

The ratio of blood to anticoagulant should be 9:1. A 
disproportion of blood to anticoagulant is seen in patients 
with polycythemia.' When the hematocrit is higher than 
55%, the amount of sodium citrate used should be adjusted 
(decreased) according to the following calculation: 


C= 1.85 X 10° x (100-H) x V 

where 

C= volume of sodium citrate in milliliters, 
H = hematocrit in percent, and 

V = volume of whole blood in milliliters, 


Each laboratory should develop its own normal values 
reflecting the methodology, reagents, instrumentation, 
and patient population. 

The technique used in obtaining and processing the 
patient’s blood sample and the conditions under which 
samples are stored or transported determine the integrity 
of the final test result, Traumatic venipuncture may result 
in activation of coagulation factors, and improper storage 
conditions may result in the deterioration or (in the case 
of factor VII) activation of coagulation factors. 

Most clot-based coagulation activity procedures are 
performed on plasma, thereby requiring the addition of 
calcium to perform the tests because the anticoagulant 
used, sodium citrate, binds free calcium, 

Clot-based methodologies are usually performed 

at 37°C + 1°. 


ae 


33-13 List criteria for the laboratory diagnosis of lupu 
anticoagulants. ; 

33-14 Interpret D-dimer assay results and correlate results 
to clinical diagnosis. 

33-15 Describe the three diagnostic applications of cog, 
lation activation, o 

33-16 Compare fully automated, semiautomated, and 
manual methods of coagulation testing, 

33-17 Describe the different endpoint detection method. 


ologies employed by coagulation instrumentation 


e Immunological assays are currently available for a 
number of coagulation factors, inhibitors, and proteins 
involved in fibrinolysis. Because these assays determine 
the presence or absence of proteins and not their biolog- 
ical activity, functional testing should be performed in 
addition, when possible. 


> ADVANCED CONTENT 


In the past, evaluation of hemostasis relied on traditional 
procedures based on the detection of clot formation. The 
innovation of enzyme-specific synthetic substrates has had 


a great effect on the field of hemostasis. Knowledge of 


molecular structures for different enzymes and the cleavage 
points of their corresponding substrate has led to the devel- 
opment of synthetic substrates that are cleaved by & sit- 
gle factor enzyme. Cleavage of synthetic substrates occuls 
when the amino acids of the substrates on the molecule tit 
into the active sites and the binding sites of the enzyme 
All synthetic substrates rely on cleavage of the peptide by 
their specific enzymes, relessing a chromogenic complex 


| such as para-nitroaniline or a fluorogenic complex such " 
aminoisophthalic acid dimetliy! ester (ATE), which may be 
detected and measured by means of a spectrophotomelet - 
fluorimeter. Various synthetic chromogenic and fluorogen 
assays exist for the evaluation of plasmin, plasminoe® 


' ye 
olasmin, kallikrein, antithre 


activator, alpha-2 (a,-an vest 
bin [AT-III]), factor Xa, terombin, and several gate bo 
proteases, making thes: ble for rus 4 
ratory testing, Procedures using synthetic substrate? 
certain advantages over the traditional clot forma” allo 
niques. They can be performed rapidly, are yi oe 
a greater degree of standardization, require sf % aye 
volumes, and are well suited for automation Synine sons 
strates facilitate measuring the activity of ors _ 
and their inhibitors. Often, individual stages os ‘eas 
can be assayed without having to observe the enti 

of the clotting process 


says applica 


tion we 


nalle 


a 


ag on testing methodology and/or instrumen- 
ment: EET heneiananiiehamont 
Jet-poor plasma, or let-rich plasma. 
a involves either whole blood or 
while coagulation testing requires either 
or platelet-poor plasma. If the type of plasma 
-ified platelet-poor plasma is expected to be used. 
-s between the two types of plasma depend on the 
ion time and speed. Platelet-poor plasma is centri- 
or 10 minutes at 2,500 X g, while platelet-rich plasma 
sed for 30 minutes at SO X g. 


let Function Instrumentation 


bution of platelets to the hemostatic mechanism 
ugh adhesion and aggregation, which is known as 
emostasis. Adhesion is defined as the platelet’s 
tick to a surface, such as subendothelial collagen. 
h assesses the ability of the platelets to stick to 
For this to occur, platelets must be able to secrete 
of their organelles (a granules, dense bodies), 
ribute to additional platelet activation and aggre- 
telet function testing measures or monitors the 
Ss ability to adhere and aggregate and has historically 
*d a challenge for the clinical laboratory because of 
Of reliable, accurate, and easy-to-perform testing 


ad. sory, the Bleeding Time Test has historically 
f0 measure platelet adhesion, whereas aggregation 

4 used to observe platelet secretion and the 
Sick to each other. The bleeding time is a screen- 

eA sd by phicbotomists or nurses at the patient's 

| Biggs Tange of testing variability is based on skin 
| Which depth, temperature, and procedural vari- 
| 7. 100° ofr Provide unreliable results. Consequently, 
Ngenita) > 4 Standardized option as a screening test 
2 “nd acquired primary hemostatic disorders in 


‘A. 
reciente time utilizes optical aggregometry 
Whole big. Platelet function and is performed on 
th Collage - It evaluates the ability of platelets to 
*cl0se the 1 n and ADP or epinephrine in a capillary 
{be capin, “men while under flow conditions similar 
“Sding = Vasculature.’ Though more standardized 
Imig POt Loge’ it must still be considered a screening 
Old Plates itive to platelet defects; thus light 
Ate telet ager is regarded as 
al in Plate] “gometry (LTA) is regs 
as Ber ep ati €t function testing.” ] 
“ a Pabiliny sang assessment provides an opportunity 
Stion, ad Provide a more sensitive assessment 
@ smait -“<! and impedance aggregometry 
2 © Prova, Volume of whole blood or platelet 
igs Ph ite assessment of platelet aggt& 
fe Ploity qeical environment. Impedance 
* AS the © ability of platelets to adhere © 
ated “ Platelets aggregate on two agonist 
ctrode surfaces, the current intensity 
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Tate of electrical impedance reflects platelet funchon. in opt 
cal aggregometry the sample 1s Gespensed through an egomost 
Coated membrane at a high shear rate. As platelets aggregate 
on the membrane, the membrane flow rate Gemineshes The 
Cessation of flow is defined as the “closure time.~ 

LTA requires plateletrich plasmz to evaluate platelet 
to platelet clump formation im vitro im 2 glycoprotem Mb’ 
Illa-dependent mannex. Various agomists are added to muti- 
ate aggregation. The platelet aggregation rate and maxumum 
Percentage of aggregation are measured via the imcreasing 
light transmission through the optically dense samples as free 
platelets are employed in the forming aggregate employing 2 


Method 33-1: Bleeding Time 

The bleeding time test assesses platelet famction im vive and 
is used as a screening procedure to detect both congenital and 
acquired disorders of platelet function and von Willebrand's 
disease. The bleeding time may be measured as part of a diag~ 
nostic work-up of a quantitative or qualitative platelet disor- 
der, or von Willebrand’s disease, but it is not able to distinguish 
overall bleeding nsk or a coagulation factor deficiency. 

The bleeding time response is inversely related to platelet 
count. The use of aspirin, aspirin-containine drugs, nonste- 
roidal anti-inflammatory drugs, and antihistamimes causes a 
prolonged bleeding time. The patient should be instructed not 
to take any aspirin or drugs containing aspirin for | week 
before the test is performed. Several devices are available for 

ki Sendioad decisions whee peril - ‘ 
OT aauccine time test is rarely used due to variabil- 
ity in incisions depth, blood vessei involvement, and im imter- 

jon. Advances in technology provide alternate testing 
platforms with proven higher sensitivity and specificity. 


Method 33-2: Closure Time—PFA-100* (Siemens) 
The closure time test screens platelets for their ability to 
adhere and aggregate under capillary flow conditions, simi 
lar to those found in vivo. When circulating in vivo, platelet 
motion and position in the vessel are affected by the flow 
created by the concave red blood cells, a high shear condi- 
tion, and platelets are directed toward the side of the ves- 
sel, In this assay, platelet activation is affected by the red 
blood cell and platelet counts and may be prolonged with a 
hematocrit less than 35% or a platelet count of less than 
150,000/nL* 

Method 33-3: Platelet Aggregation 

Platelets function in prumary bemostasis by forming am inj- 
tial platelet plug at the site of vascular wjury The phenom. 
enon occurs partly throagh the ability of platelets to adhere 


ee 
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ETHOD 33-1 Bleeding Time (Obsolete and Rarely Performed) 


Principle Bleeding time is defined as the time taken for a standardized skin incision to stop bleeding. Upon vessel injury, platelets 
adhere to collagen exposed in the sub endothelium with assistance from von Willebrand factor and form a homeostatic 
platelet plug. The bleeding time test measures the ability of these platelets to arrest bleeding and, therefore, measures 
platelet number and function. Capillary contractility and both the intrinsic and extrinsic systems of coagulation function in 
a minor capacity in the bleeding time. The bleeding time primarily assesses in vivo platelet function. 


Specimen Capillary blood in vivo ax. 
See the required equipment and steps for this procedure at www.fadavis.com 1 
Interpretation Reference range is approximately 2.5 to 9.5 minutes and should be established by each laboratory. 


Prolonged bleeding times are found in the following situations: 

* Thrombocytopenia’ (platelet count less than 50,000/j:L) 

* Inherited platelet dysfunction (Bernard Soulier syndrome or Glanzmann's thrombasthenia, storage pool disease) 
+ After administration of aspirin or aspirin-containing drugs 

* After administration of other drugs that inhibit platelet function such as antihistamines 

* Von Willebrand disease 


Limitations If the incision fails to bleed or if a small vein is cut, disregard the bleeding time of the incision and repeat the test. In older 
patients, bleeding may only occur subcutaneously (under the skin). Obtaining an accurate bleeding time in these patients 
may not be possible. 


Results are reported in minutes 
Reference Ranges Bleeding time 2.5 to 9.5 minutes 


Caution: Patients should be informed that, with any bleeding time procedure, the possibility of faint scarring exists. Keloid 
formation, although rare, can occur in certain patients. 


METHOD 33-2 Closure Time—PFA-100° (Siemens) 


Principle Citrated whole blood is added to a cartridge fitted with capillary tubes coated with either collagen/ADP, or collagen/ 
epinephrine. The cartridge is placed into the PFA-100 analyzer and suction is applied to slowly aspirate the whole blood 
sample through the capillary coated with the antagonists. As platelets are exposed to the collagen surface, they begin to 
adhere and then aggregate. The time it takes for the platelet to close the aperture of the capillary tube is detected and 
recorded as the closure time. 


Specimen Citrated whole blood 
Procedure See the required equipment and steps for this procedure at www.fadavis.com 


- - —— ene | 
Interpretation This assay is an effective method to screen for von Willebrand's disease, an important cause of menorthagia, gingival 
bleeding, and epistaxis. The closure time can also distinguish between drug-related platelet inhibition and hereditary 
platelet defects (Table 33-1).® / 
Falsely decrease results can be acquired when platelet counts are <50 K/L. sited 
Closure time is reported in seconds as ¥ | 
ReferenceRanges COLL/EPI 80 to 190 seconds “hen ; 
COLL/ADP 60 to 122 seconds ares 
TABLE 33-1 Interpretation of PFA-100° Closure to one another, a process known as aggregation. Substances 
Time Results that can induce platelet aggregation include collages, At 
‘ ante acid, t 
epinephrine, thrombin, serotonin, arachidonic acté, 
ADP/Collagen inephrine/Collagen sea 8 , 
fp antibiotic ristocetin, snake venoms, antigen-antibody ye 
Normal Normal Normal = __ plexes, soluble fibrin monomer complexes, and fbrintr 
Platelet defect/von _ Prolonged Prolonged degradation products (FDPs). These aggregating re ‘—: 
Willebrand's disease induce platelet aggregation, cause platelets to release oo ° 
th, A Ghd si pieieiieetigns 2 errs eno! slet ageregation is an essentia 
Aspirin/drug-tike ones Prolonged us ADP, or both. Platelet aggregatic iatelet 


of the investigation of any patient with a suspected P 
dysfunction. 


effect 


..3 Platelet Aggregation 


Principle of electrical impedance to determine formation of 
platelet aggregates. As platelets aggregate, they coat an electrode, impeding the electrical current through the analyzer. Cer- 
tain models of aggregometers have the ability to measure the release of ATP from platelets using luminescence technology 
in either platelet-rich plasma or whole blood. A luminescent chemical is added to the reaction that releases a flash of light 


when stimulated by ATP energy release from the dense granules of the platelet. This modification of aggregation is particu- 
larly sensitive to ATP release and is a sensitive measure of platelet activation. 


Sodium citrate anticoagulated platelet-rich plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


tio Platelet aggregation occurs as a two-step process, known as primary and secondary waves of aggregation. The primary wave 
of aggregation is observed when platelets adhere to one another in the presence of an external agent (agonist) such as ADP. 
epinephrine, or ristocetin. Secondary aggregation is characterized as the aggregation that occurs after the platelets have been 
stimulated to secrete the substances contained in their organelles. It should be noted that some agonists will stimulate primary 
aggregation, and some will stimulate secondary aggregation. Others will stimulate both primary and secondary aggregation, 
yielding a“biphasic” aggregation curve (Fig. 33-1). In addition, different concentrations of the same agonist can produce varying 
patterns of primary and secondary aggregation. For example, low concentrations of ADP induce biphasic aggregation (Le, both 
a primary and a secondary wave of aggregation); very low concentrations of ADP (1.5 mcg/ml final concentration) induce a 
primary wave followed by disaggregation; and high concentrations of ADP (10 mcg/mi final concentration) induce a single, broad 
wave of aggregation’ (Fig. 33-2). A biphasic aggregation response to ADP will not be seen in patients with platelet release disor- 
ders. Patients with Glanzmann’s thrombasthenia show incomplete aggregation with ADP regardless of the final concentration. 


‘ A 
be! URE 33-1 Aggregation curves with various aggregating 2250 curve induced with epinephrine and thrombin. 
Note se 7are92tion Followed bya singe wave 9999278 ced by rsncrn A ge Brad wave of sagregation may be 
ipha: jon. C. Aggregate” of 
7S aateelngaehe se ee Fe Generally a singe wave aggregation followed Oy disaggregation is seen, 
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METHOD 33-3 Platelet Aggregation—cont’d 


80 
Low-concentration ADP Optimal ADP 
cr) 


100 B 


30 60 90 120 150 180 210 30 60 90 120 150 180 210 
Time, Sec Time, Sec 


High-concentration ADP 


30 60 90 120 150 180 210 
Time, Sec 


FIGURE 33-2 Aggregation curves induced with various concentrations of ADP. A. Very low concentrations of ADP induce a 
primary wave of aggregation followed by disaggregation. B. The optimal concentration of ADP induces a biphasic wave of 
aggregation. C. High concentrations of ADP induce a broad wave of aggregation. 


Platelet aggregation induced by collagen is characterized by a lag period before aggregation, followed by only a single wave 
of aggregation. A biphasic aggregation response is seen with the antibiotic ristocetin; however, often only a single broad 
wave of aggregation will occur. Platelet aggregation induced with arachidonic acid causes a rapid secondary wave of aggre- 
gation. Biphasic aggregation is observed with epinephrine. One-third to one-half of normal, healthy patients produce only 
a primary wave of aggregation with epinephrine.’ The aggregating agent thrombin induces a biphasic wave of aggregation. 
Platelet aggregation induced by serotonin normally produces a primary wave of aggregation with a maximum of 10% to 
30% transmittance followed by disaggregation? (see Fig. 33-1). 


In patients with severe von Willebrand's disease, aggregation to ristocetin is characteristically absent, Decreased to normal 
aggregation to ristocetin can be seen in patients with mild von Willebrand's disease. Correction of the abnormal ristocetin 
aggregation curves can be seen by the addition of normal, platelet-poor plasma to the patient's platelet-rich plasma. Abnor- 
mal ristocetin-induced platelet aggregation may also occur in patients with Bernard-Soulier syndrome, platelet storage pool 
defects, and idiopathic thrombocytopenia purpura (ITP).° 


Limitations There are some basic requirements for platelet aggregation as an in vitro means of evaluating platelet function: 

* In performing platelet aggregation studies, a clean venipuncture is crucial. Hemolyzed sar should not be utilized 
because red blood cells contain ADP, which can prematurely activate platelets. 
Plasma from fasting patients is preferred for testing. Lipemic samples may obscure changes in optical density (0D) during 
platelet aggregation. 
* Sodium citrate is the anticoagulant used in aggregation studies. Keep in mind that in vitro aggregation is dependent on 
the presence of calcium ions, and the mechanism of sodium citrate to prevent coagulation in the sample is by binding 
calcium ions, However, the concentration of calcium after anticoagulation with sodium citrate should still be sufficient for 
aggregation to occur. 
Fibrinogen must be present in the test sample for aggregation to occur. ‘ 
+ The plasma sample should not come in contact with a glass surface unless the surface ts siliconized, because glass will 
cause platelet activation and adhesion to its surface. 
Aggregation studies should be performed at 37°C at a pH of 6.5 to 8.5. To help maintain pH values, all samples, once 
collected, should be capped to prevent CO, loss, The presence of CO, helps to maintain the pH of the sample. , 
* Test samples should be maintained at room temperature during processing, Cooling inhibits the platelet aggregating 
response. Just before performing the test, the plasma is incubated at 37°C in the heat block of the aggregometer- 
Platelet-rich plasma samples should be allowed to stand for approximately 30 minutes before performing aggregation 
testing, This is necessary for the platelets to regain their responsiveness after undergoing the preparation pr ocedure. 
All aggregation studies should be performed within 3 hours of sample collection. 


aa 
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,.3 Platelet Aggregation—cont'd 


Stirring is necessary to bring the platelets in close contact with One another to allow aggregation to occur. 

Agonists should be prepared fresh daily and brought to room temperature before use. They must have 4 

and be added in small volumes. F ’ 
Control tests using platelet-rich plasma from a known normal donor must be performed at the same time as the patient 
samples. 

It is essential that a complete history be obtained from the Patient, including all medications taken. They must refrain 


from taking any anti-inflammatory drugs and antiplatelet drugs for at least 1 week before testing. These drugs inhibit the 
platelets’ release reaction. 


+ Thrombocytopenia makes evaluation of the aggregation responses difficult. 


Primary and/or secondary aggregation or no response (absent) 


Collagen — single wave of aggregation 

Ristocetin — single broad wave of aggregation 

Arachidonic acid — causes a rapid secondary wave of aggregation 
Epinephrine — biphasic aggregation 

Thrombin — biphasic aggregation 

Serotonin — primary wave of aggregation 


In evaluating patients with suspected platelet disorders, the agonists most commonly used are ADP in varying concentra- 
tions, collagen, epinephrine, and ristocetin. Aspirin, aspirin compounds, and anti-inflammatory drugs inhibit the secondary 
wave of aggregation by inhibiting the release reaction of the platelet. Reduced or absent aggregation as well as disaggre- 


LTHINKING Qo TION 

What are the potenti-| limiting factors associated with 
Platelet aggregometry analysis? 

tis bees 10 all Critical Thinking Questions at the back 


a 
SUulation Instr mentation 


the maa vatuate the coagulation of blood have evolved 
le bloo, oe i bservation of the length of time needed for 

Med usin Clot in a test tube to today’s intricate analysis 
8 highly sophisticated instruments. 


Autom Pes of Coagulation Instrumentation 

Atlomateg Method 

Nd have aeaen became available within the past few 
ag Y improved coagulation testing capabili- 

are ents are 


u : ; 
Bec ted analyzers contain monitoring devices 
™Peratin SMS to maintain and monitor a constant 
SYste, 

Stems is tha: : >. 

With -.» 8 their improved accuracy, precision, and 


gation curves may be observed in patients taking medication containing aspirin. Other medications or substances have 
also been identified as inhibiting platelet function, such as ibuprofen, red wine, and a variety of herbs. Patients should be 
questioned carefully about possible ingestion of these substances before interpreting abnormal aggregation results. 


The intensity of platelet aggregation may be estimated by recording the change in absorbance as a percentage of the 
difference in absorbance between platelet-rich and platelet-poor plasma. This has limited usefulness because absorbance is 
dependent on the size and density of platelet clumping and the number of platelets that aggregate. A more complex analysis 
of aggregation related to the rate of aggregation may also be obtained. However, visual interpretation of the aggregation 
Curves suffices and can establish whether aggregation is abnormal or normal. 


Semiautomated Method 

Semiautomated equipment is similar to the tilt-tube method 
in that it also requires that all reagents and test samples be 
delivered manually to the reaction cuvette. However, these 
instruments contain mechanisms to automatically initiate the 
timing device on addition of the final reagent and an internal 
mechanism to detect clot formation. The equipment usually 
contains a device for maintaining a constant 37°C tempera- 
ture, but it may not internally monitor the temperature. The 
advantage of semiautomated equipment is that it is relatively 
inexpensive and easily operated. The disadvantage is that the 
testing process is time consuming and labor intensive. 


Methods of Endpoint Detection 

Instrument methodologies used for coagulation testing 
are generally classified based on the principle of endpoint 
detection employed by the analyzer. These general classifj- 
cations are: 


e Mechanical 
« Photo-optical 
¢ Chromogenic 
¢ Immunological 

Historically, coagulation instruments were only capable of 
providing one type of endpoint detection, such as mechanical 
or photo-optical. Photo-optical instruments were built to read 
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the endpoint at a fixed wavelength of 500 to 600 nm. Later, 
other instruments were developed to read at a 405-nm wave- 
length to allow measurement of chromogenic assays. Cur- 
rently, several analyzers are available that have the combined 
capability of reading assays using multiple detection methods 
within the same system, allowing laboratories to purchase 
and train on only one instrument instead of multiple analyz- 
ers, while still providing specialized testing capabilities on all 
shifts with many operators. 


Mechanical Endpoint Detection 

Two primary methodologies are utilized for mechanical detec- 
tion of clot formation. The first is known as electromechanical 
detection and incorporates a change in electrical conductivity 
between two metal probes immersed in a solution. During the 
reaction, one probe moves in and out of the solution at con- 
stant intervals. The electrical circuit between the two probes 
is not maintained as the moving probe rises in and out of the 
solution. When a clot (fibrin) is formed in the solution, the 
fibrin strands maintain electrical contact between the two 
probes when the moving probe leaves the solution, which 
stops the timer.'® An example of this type of equipment is the 
BBL Fibrometer®. 

The second method of mechanical clot detection involves 
monitoring the movement of a steel ball within a test solu- 
tion by magnetic sensors. A change in the movement of the 
steel ball may be detected when there is increased viscosity 
of the test solution, changing its range of motion, or by a 
break in contact with the magnetic sensors when the steel ball 
becomes incorporated into a fibrin clot as the cuvette rotates. 
These types of endpoint detection methods are utilized on the 
Diagnostica Stago STart analyzers®" and the Trinity Biotech 
Destiny line.’ 


Photo-Optical Endpoint Detection 

Detection of clot formation measured by a change in optical 
density (OD) of a test sample is the basis of photo-optical 
instrumentation, which is also known as turbidometric method- 
ology. When a light source of a specified wavelength is passed 
through a test solution (plasma), a certain amount of light is 
detected by a photodetector or photocell located on the other 
side of the solution. The amount of light detected is dependent 
on the color and clarity of the plasma sample and is consid- 
ered to be the baseline light transmission value. When soluble 
fibrinogen begins to polymerize into a fibrin clot, formation of 
fibrin strands causes light to scatter, allowing less light to fall 
on the photodetector (i.e., the plasma becomes more opaque, 
decreasing the amount of light detected), When the amount of 
light reaching the photodetector decreases to an exact point 
from the baseline value as predetermined by the instrument, 
this change in OD triggers the timer to stop, indicating clot for- 
mation. This is the most common method of detection utilized 
on coagulation instruments at this time, such as the MDAII® 
(Trinity Biotech),'* BCS® (Dade Behring), ACL TOP” analyzer 
(Instrumentation Laboratory), and the Destiny” (Trinity). 


Chromogenic Endpoint Detection 
Chromogenic, or amidolytic, methodology is based on the 
use of a specific color-producing substance known as a 


chromophore. The chromophore normally used in the Coag- 
ulation laboratory is para-nitroaniline (p-nitroaniline or 
pNA), which has an optical absorbance peak at 405 nm on 
a spectrophotometer. The principle of chromogenic assays 
is based on the attachment of pNA to a synthetic chromo- 
genic substrate.'* The substrate is made up of a series of 
amino acids, the composition of which is dependent on 
the structure of the enzymatic target of the coagulation 
protein being measured. The goal is for the coagulation 
protein to attack the chromogenic substrate at a specific 
site between a defined amino acid sequence and the pNA, 
thereby cleaving pNA from the substrate. Because free pNA 
has a yellow color, the intensity of the solution is propor- 
tional to the amount of free pNA present and is measured 
by a photodetector at a wavelength of 405 nm. As addi- 
tional free pNA is cleaved, the amount of light absorbance 
is increased, leading to a greater change in OD of the solu- 
tion. The change in OD can be either a direct or an indirect 
measurement of the level of the analyte being tested. This 
type of technology is available on a variety of instruments 
such as the ACL TOP® Series (Instrumentation Laborato- 
ries), Sysmex CA600 series (Siemens Healthineers), and 
CoaLab 1000 (LABiTech LAbor Biomedical Technologies) 
and is most often seen in conjunction with the photo-optical 
detection methodology.'* 


Immunological Endpoint Detection 

Immunological assays are based on antigen-antibody reac- 
tions. Microlatex particles are coated with a specific anti- 
body directed against the analyte (antigen) to be measured. 
A beam of monochromatic light is then passed through the 
suspension of microlatex particles. When the wavelength of 
light is greater than the diameter of the particles in suspen- 
sion, only a small amount of light will be absorbed by the 
particles. When the microlatex particles coated with specific 
antibody come in contact with the antigen present in the solu- 
tion, the antigen attaches to the antibody and forms bridges 
between the particles, causing them to agglutinate. As the 
diameter of the agglutinates becomes larger and closer to 
the wavelength of the monochromatic light beam, the greater 
the amount of light that is absorbed. The increase in light 
absorbance is proportional to the size of the agglutinates, 
which, in turn, is proportional to the antigen level present in 
the sample, which is read from a standard curve. This tech- 
nology is also incorporated into several of the instruments 
previously mentioned. 

The introduction of new methodologies has prov ided 
the ability to perform new assays in the coagulation labora- 
tory. Refinement of these methods has increased our abil 
ity to recognize and improve our diagnostic capabilites 
for determining the causes of disorders of hemostas!s an 
thrombosis, 


Complete Hemostasis Assessment 
Thromboelastography (TEG) 
Thromboelastography (TEG) is an assay used t 
clotting factor activation, rate of clot formation, ¢ ~ 
and fibrinolysis on a point-of-care platform. Analysis bay is 
approximately 350 yL of whole blood. The sample 
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Jot strengt> 


— 


37°C ina cylindrical cup. A pin ona torsion wire 
dal the sample and the cup containing the blood 
4°45’ every 10 seconds to simulate venous 
y the pin does not move as the cup rotates, but 
Jastic strength increases with the formation of 
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e initial clotting time is assessed from the point that an 
vator is added to when the clot forms. Clot formation is 
fned as 2 mm in amplitude on computer reading. Initial 
no can take up to 5 to 10 minutes and is an assessment 
ors or anticoagulants in the blood sample. The strength 
he clot is measured from the initial clot at 2 mm ampli- 
e until 20 mm amplitude is detected. This step takes from 
0 3 minutes and is associated with fibrinogen. The rate of 
formation is a computation between the time of the initial 
the 20 mm amplitude clot measurement. This value is 
sociated with fibrinogen. Abnormalities in either stage 
indicate the need to transfuse fibrinogen rich cryopre- 
te. The maximum amplitude measured is proportional 
imum clot strength. Platelets as well as fibrin strands 
factors II and III contribute to maximum clot strength. 
normal maximum strength ranges from 55 to 75 mm in 
tude. Abnormalities in this stage may indicate a need to 
#¢ platelets or DDAVP. Finally, clot stability is the percent 
clot remaining 30 minutes following the maximum clot 
eth. This parameter determines the fibrinolytic pathway 
dthe need for antifibrinolytic treatments. The normal value 

8% (Figure 33-3) 
neal applications of thromboelastography provide more 
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Clotting disorders that are especially important in cardiac and 
liver surgeries as well as with trauma cases. Knowledge of 
potential bleeding issues can alert physicians of complications 
and reduce blood product use. A more complete assessment of 
coagulation in a bleeding patient allows the use of the most 
effective blood components. Reduced sample size for coag- 
ulation testing is also beneficial in pediatric patients. Finally. 
factor deficiencies are often heterogeneous in coagulation 
severity. TEG provides a full evaluation of clotting from ini- 
tiation to lysis and reveals better treatment options. TEG is 
often used as a screening test since additional information is 
Tequired before patient treatment."” 


Rotational Thromboelastometry (ROTEM) 

An alternative to TEG is rotational thromboelastometry 
(ROTEM). There are many similarities between the two 
assays. The ROTEM system uses a fixed cylindrical cup 
with a pin suspended on a ball bearing that rotates at 4°75" 
every 6 seconds. As the clot strengthens the pin moves 
with the rotation and is detected by an optical sensor. Each 
method provides insight into clotting time, rate, maximum 
strength, and fibrinolysis, although different nomenclature 
is used. Since the methodologies differ, the results cannot 
be interchanged. 


Coagulation Screening Tests 

Method 33-4: Activated Partial Thromboplastin 
Time 

The activated partial thromboplastin time (aPTT) is 
a screening test used to evaluate the intrinsic and common 
pathway of coagulation, or more precisely, to measure all the 
plasma coagulation factors with the exception of factors VII 
and XIII (Fig. 33-4). 


FIGURE 33-3 Normal thromboelastography 
pattern. 


FIGURE 33-4 Activated partiat thrombopiastin time taPTT) 
assay. 
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METHOD 33-4 Activated Partial Thromboplastin Time 


The formation of fibrin occurs at a normal rate only if the factors involved in the intrinsic pathway (factors VIII, IX, XI, 

and XIl) and the common pathway (factors |, II, V, and X) are present in normal concentrations with normal functionality, 
Optimal activation is achieved by the addition of contact activators such as kaolin, celite, micronized silica, and ellagic 
acid, which eliminate the variability of activation by glass contact. The aPTT reagent also includes a platelet phospholipid 
substitute, which eliminates the test's sensitivity to platelet number and function. Once the aPTT reagent is added, the 
factors are activated and CaCl, (0.02 M) is added. The time to clot formation after the addition of calcium is determined, 
The aPTT is also used to screen for inhibitors of the intrinsic pathway, such as the lupus anticoagulant, and to monitor 
heparin therapy."* 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


Each laboratory should develop its own normal range based on the type of analyzer, reagent, and patient population. The 
test result may be prolonged in patients with deficiencies of any factor involved in the intrinsic or common pathway. The 
aPTT may be prolonged when factor levels are less than 30% to 40% of normal, depending on reagent sensitivity. Hypofi- 
brinogenemia (levels less than 100 mg/dL) will also prolong the aPTT. 


Because commercial aPTT reagents vary in the type of activator used, they will have different requirements for optimal 
contact activation time between the reagent and plasma during the testing process. The manufacturer's recommenda- 
tions should be followed and the incubation time on the coagulation analyzer set accordingly. Failure to adhere to correct 
incubation times for the specific reagent used may yield erroneous results. 


Reporting Results 


aPTT is reported in seconds 


Reference ranges are set per institution but vary around 25 to 35 seconds 


Method 33-5: One-Stage Prothrombin Time 


(Quick) 


Both the aPTT and the prothrombin time (PT) should be performed when screening samples for coagulopathies, because 
together they evaluate the intrinsic, extrinsic, and common pathways of coagulation. 


Method 33-6: Thrombin Time 
The thrombin time (TT) is the time required for thrombin to 


The prothrombin time (PT) is a valuable screening pro- 
cedure used to indicate possible factor deficiencies of the 
extrinsic or common pathway." The PT test is sensitive to the 
vitamin K—dependent factors of the extrinsic (factor VII) and 
common pathways (factors II and X) and is, therefore, used as 
a means of monitoring oral anticoagulant therapy (Fig. 33-5). 


convert fibrinogen to an insoluble fibrin clot. Bovine throm- 
bin is most commonly used, but human thrombin may be used 
and is beneficial, especially for patients who may have an 
antibovine thrombin antibody, which occurs in some patients 
exposed to bovine topical thrombin. 


Method 33-7: Mixing Studies—aPTT or PT 1:1 Mix 


; Peeniniecd t lant, fact ; i 
Note: The fourth vitamin K—dependent procoagulant, factor A patient with an abnormal PT and/or aPTT with no known 


WS URL AS cause is a good candidate for mixing studies. A mixing 
study involves mixing the patient’s plasma 1:1 with normal | 
plasma and repeating the test in question. Mixing studies | 

Prewarm 100 pL PT —> Time to clot producing results closer to normal are indicative of factor | 
BST’ S es al formation deficiencies whereas results that do not correct with normal | 


50 pL plasma —————> ; 
in a plasma are more indicative of coagulation inhibitors. 
FIGURE 33-5 Prothrombin time (PT) assay. é 


METHOD 33-5 One-Stage Prothrombin Time (Quick) 


Principle The PT is a measure of the extrinsic and common pathways of coagulation involving factors ti, V, Vil, and X (as well as fibrino- 
gen). Therefore, the time required for the formation of a fibrin clot when plasma is added to a thromboplastin—calclum mx 
ture is reported as the Prothrombin Time. Tissue thromboplastin is added to activate factor (F) Vil, which activates FV to FV, 
that participates in formation of the prothrombinase complex (FXa + FVa on a phospholipid surface), ultimately generating 
thrombin from prothrombin (factor Il). The thrombin thus formed converts fibrinogen to fibrin. The rate of fibrin formation 
depends on the level of factors Il, V, VIl, and X and fibrinogen. Therefore, the PT can be used as an indicator of the overall 
activity of these factors. 
Specimen Sodium citrate anticoagulated plasma 
Procedure See the required equipment and steps for this procedure at www.fadavis.com 
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33-5 One-Stage Prothrombin Time (Quick)—cont’d 


interpretation 


the testing process, causing a prolongation of the PT. In this case, the amount of citrate should be adjusted (decreased) 
before specimen collection to compensate for the elevated hematocrit, as previously described. PT results may be short- 
ened when the plasma is stored for longer than 4 hours at 4°C because of cold activation of factor VII. 


Patient PT 2 
Geometric mean of normal range 


inn={ 


Reporting Results PT results are reported in seconds 


Reference Ranges 11 to 13 seconds 


The reference range for PT is approximately 10 to 13 seconds. This range varies with the type of thromboplastin employed 
in the testing process and the method of clot detection. Each laboratory must develop its own reference range based on 
the type of analyzer, reagent, and patient population. 


METHOD 33-6 Thrombin time 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


The TT is prolonged in patients with hypofibrinogenemia (usually less than 100 mg/dL), dysfibrinogenemia, and in the 
presence of anticoagulants such as heparin and hirudin, or FDPs. If the 1:1 mixing study results in a clotting time that 
approxirnates that of the control plasma, a deficiency or a molecular abnormality of fibrinogen is most likely indicated. if 
the mixing study fails to correct the TT, the presence of aninhibitor such as heparin is indicated. 


The TT is affected by abnormal levels of fibrinogen and dysfibrinogenemia and the presence of antithrombins such as 
___ heparin and direct thrombin inhibitors such as hirudin and FOPs. 


_ The thrombin time 


is reported in seconds 


15 to 22 seconds 


The reference value depends on the particular reagent and instrument system used. 


re useful screening tests for distinguishing between factor deficiencies and 
Coagulation inhibitors. Patient plasma mixed with pooled normal plasma (with pea el 100% factor levels) should 
Contain sufficient factor levels (at least 50% normal level) to correct a a ie sue by ioe deficiency. An inhib- 
itor is most likely present if there is only partial or no correction in Lo a ne x £3 ‘s on ; : : x co norma see 
Mixing studies can help determine the appropriate next steps to take to diag the cause ¢ mal aPTT or PT. 


Mixing studies using the aPTT and/or PTai 


Sodium citrate anticoagulated plasma 


; www. is.com 
_ See the required equipment and steps for this procedure 3t sui 


If the aPTT or PT is corrected (or normalized) by normal — pr ee eee of normal 
Plasma supplies the coagulation factor or factors that are de 


If the aPTT or PT is not corrected by the addition of normal ea Be ae 
pee longed aPTT oF PT following incubation a f } to 2 hours. 
A Weak or time-dependent inhibitor is indicated by a prol longing the aPTT of PT. This 
; - This time- 
A Weak inhibitor cheater inactivates the coagulation factor, thus prolonging me-dependent 
Pattern is most typical of a factor Vill inhibitor 


plasma immediately, a strong inhibitor is indicated, | 


Continued 


cont'd 


aPTT or PT 1:1 Mix 


If a factor Vill inhibitor is present, It is important to determine the initial level of factor activity because the development of 
an inhibitor complicates the management of a patient with Hemophilia A when therapy involves AHF concentrates. These 
should be monitored periodically, 


The PT Fand/or aPTT performed in mixing studies Is reported in seconds and alongside the undiluted sample results, 
_ See ‘previously provided feference ranges for the PT and/or aPTT, 


The antibody that inhibits factor Vill is most often. a specific IgG antibody developed through a an autoimmune disorder,” 
These antibodies are often present as weak inhibitors but are temperature and time dependent, thus causing only a 
slightly prolonged aPTT on initial testing. Mixing tests may yield aPTT results intermediate between the clotting times 

of patient and normal control, On incubation at 37°C, both the undiluted patient plasma and plasma mixtures show pro- 
longed times, but the normal pooled plasma shows little or no change. Because of the nature of the factor Vill inhibitor, the 
mixture of patient plasma and normal pooled plasma must be incubated for 60 to 120 minutes to allow for the inhibitor’s 


Mixing Studies 


progressive activity. 


Coagulation Factor Assays 


Method 33-8: One-Stage Quantitative Assay 
Method for Factors Il, V, Vil, and X 

The prothrombin time (PT) is the basis of this test system, with 
specific factor-deficient plasmas being added to the patient 
plasma. The percentage of factor activity is determined by 
the amount of correction of the PT when specific dilutions of 
patient plasma are added to the factor-deficient plasma, These 
results are obtained from an activity curve made using clotting 
times of dilutions of normal reference plasma and specific 
factor-deficient plasma. 


Method 33-9: One-Stage Quantitative Assay 
Method for Factors VIII, IX, XI, and XII 

The activated partial thromboplastin time (aPTT) is the basis 
of this test system, with specific factor-deficient plasmas 
being added to the patient plasma, The percentage of fac- 
tor activity is determined by the amount of correction of the 
aPTT when specific dilutions of patient plasma are added to 


METHOD 33 


with factor deficient samples. 


Sodium citrate anticoagulated blood 


& One-Stage Quantitative Assay Method for Factors Il, V, Vil, and X= 


Normal reference plasma with 100% factor activity is diluted. Factor-deficient plasma is asvecced 
concentration to establish a reference curve for factor activity quantitation. APT is perform 


See the required equipment and I steps for this procedure at www fadavis. com 


the factor-deficient plasma. These results are obtained from an 
activity curve made using clotting times of dilutions of normal 
reference plasma and specific factor-deficient plasma. 


Method 33-10: Factor XIII Chromogenic Assay 
(Activity) 

Deficiency in factor XIII is very rare, and since it is not 
involved in the formation of the initial unstable clot, it is not 
detected in PT or aPTT tests. When a patient is bleeding, has 
poor wound healing, and coagulation testing (PT, aPTT, TT, 
and Fibrinogen) is normal, a deficiency in factor XIII can be 
considered, 


Coagulation Inhibitors 

The circulating antibody directed against the factor VIII mol- 
ecule is the most common specific factor inhibitor. It is seen 
in patients with hemophilia A and may be related to repeated 
therapeutic transfusions of antihemophilic factor (AHF) but 
is also seen in nonhemophiliac patients (e.g., women after 
individuals, and those with 


childbirth or abortion, elderly 


Lp Pi: 


n each reference plasma 
4 on patient plasma mixed 


PT results that are within reference limits indicate that the factor present in the patient plasma corrected the reagent def 
cient plasma. PT results that are abnormal indicate that both the reagent deficient plasma and patient plasma are deficient 
in the corresponding factor. 


Inhibitors will often have a“dilutional” effect, demonstrating nonparallel curves with increasing dilutions. This should be 
considered if the results of the 1:10, 1:20, and 1:40 dilutions do not agree within 15%. in this case, results should not be 
averaged, but further dilutions such as 1:80 and 1:160 performed until results of two consecutive dilutions match within 
15% and measure within linearity of the calibration curve, 


Factor activity is s reported in % 


An approximate range of 50% to 150% is considered normal, 


Each laboratory should define its own reference range based on instrument reagent, and patient population. 
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One-Stage Quantitative Assay Method for Factors Vill. ty XL and Xi 


This method Is based on the ability of patient plasma to 
test, Results in percent activity are obtained from an pate Lage factor-deficient plasma as determined by the aPTT 
Sodium citrate anticoagulated plasma er 


See the required equipment and steps for this procedure at www.fadavis.com 

+ Ifthe result from the 1:20 dilution is greater than the highest curve point (Le, 1:10), prepare additional dilutions 

of the patient sample with buffered saline until results fall within the linearity range of the curve. If the result from 
the 1:10 dilution is lower than the lowest curve point (i.e, 1:1,280), report the factor activity as less than the lowest 
calibrator value, 

To calculate the percent activity for additional dilutions tested, multiply the measured result by the dilution ratio of the 
sample to the 1:10 dilution (@.g,, 1:40/1;10 ® dilution factor of 4) to determine the percent activity of the patient sample, 
These tests require the same considerations as the aPTT and PT assay in regard to quality control, specimen handling, 
reagent preparation, and points of procedural importance, 


Inhibitors will often have a “dilutional” effect demonstrating nonparallel curves with increasing dilutions, This should be 
considered if the results of the 1:10, 1:20, and 1:40 dilutions do not agree within 15%, In this case, results should not be 
averaged, but further dilutions such as 1;80 and 1;160 performed until two consecutive dilutions match each other within 
15% and are within the measurable linearity of the curve, 


Read the percent activity directly from the activity curve (similar to that displayed in Fig. 33~6). If using an automated 
analyzer, the results may be automatically read from the curve and printed out. 


Note: Specific volumes required for adding factor-deficient plasma, diluted patient plasma, and aPTT reagent may vary 
depending on the automated analyzer used, The volumes previously recommended may be used if performing the test 
manually. 
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- FIGURE 33-6 Factor V activity curve. 
9 Results Factor activity is reported in % 


_An approximate range of 50% to 150% is considered normal. 
Each laboratory must define its own normal range based on instrument, reagent, and patient population. 


10 FactopMilehromogenic Assay (Activity) 

Fibrin produced by the action of thrombin Is prevented from pie ret ree ee © cease 
Pro-Arg-Pro-Ala-amide). When FXII! is activated by pep sed is monitored by a glutamate dehydrogenase catalyzed 
Bren teh Palondes armor Th Toe NADA is measured spectrophotometrically by the decreased absorbance 


NADH-dependent reaction, The consumption 
_ a¢340 nm, 
___ Sodium citrate anticoagulated plasma fadavis.com 
__ See the required equipment and steps for this procedure at —— — 
: ; is t 
Results that are within reference ranges indicate that aoe 
—__ }OW test results, nic plasma 
False-negative results can be caused by a cloudy oF 
increased bilirubin in plasma. 


properly. A deficiency in EXO will result in 


sample, False-positive results can be Caused by 


Contineed 
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33-10 Factor XIll Chromogenic Assay (Activity)—cont'd 


Reporting Results 
Reference Ranges 


Factor activity is reported as % 


An approximate range of 57% to 192% is considered normal. 


Each laboratory must define its own normal range based on instrument, reagent, and patient population. 


immunological disorders such as rheumatoid arthritis). This is 
usually attributed to the elevated level of factor VIII present, 
which is interpreted by the immune system as being foreign. 
Antibodies to factor VIII may also be seen in patients known 
to have the severe form of von Willebrand’s disease. 

Other factor-specific inhibitors have been reported against 
factors V, IX, XI, XII, and XIII. Some patients with a ten- 
dency to thrombose develop an acquired circulating inhibitor. 
This inhibitor is known as the lupus anticoagulant, as it was 
first seen in patients with systemic lupus erythematosus, and 
it demonstrates activity against phospholipid-protein com- 
plexes, thus interfering with phospholipid-dependent com- 
plexes that involve factors V and VIII.” 

Factor VIII inhibitors may be quantified by mixing the 
patient plasma with pooled plasma containing a known 
amount of factor VIII. The mixture is incubated at 37°C for 
2 hours. The amount of inhibitor present is then calculated 
in Bethesda units by comparing the difference in factor 
activity between the patient mixture and a control mixture 
containing the pooled plasma and buffer. A Bethesda unit 
of inhibitor activity is defined as the amount of inhibitor 
that will inactivate half of the factor present in a mixture of 
equal volumes of patient plasma and pooled plasma after 
2 hours of incubation at 37°C. The definition was origi- 
nally defined to measure factor VIII inhibitors; however, 
the same method can be used to define a specific inhibitor 
against any factor. 

If a factor VIII inhibitor is present, it is important to deter- 
mine the initial level of factor activity, because the develop- 
ment of an inhibitor complicates the management of a patient 
with hemophilia A when therapy involves AHF. Evaluation of 
the level of inhibitor is necessary to make decisions regard- 
ing treatment. Therapeutic options for patients with low titer 
factor VIL inhibitors are often treated with higher doses of 
factor replacement during bleeding episodes. Desensitization 
and immunosuppression are commonly used with patients 
exhibiting higher titers of inhibitors. Additionally, therapeutic 
options using bypass agents (recombinant FVIla; Novoseven 
RT, Novo Nordisk, and activated prothrombin complex con- 
centrate; FEIBA VH, Baxalta) are frequently used to trigger 
an alternate route for thrombin formation in patients with 
inhibitors.” 


CRITICAL THINKING QUESTION 

33-2 How does testing progress from screening to diagno- 
sis when a patient is being assessed for a factor 
deficiency? 


Tests to Monitor Anticoagulant Therapy 


Monitoring Anticoagulant Therapy 

With Coagulation Screening Assays 

Heparin Therapy 

When the aPTT is used to monitor heparin therapy, a heparin 
therapeutic range should be determined for the reagent/ 
instrument system in use by comparing the aPTT to the 
antifactor Xa heparin activity in at least 30 patient sam- 
ples. The samples selected for the heparin therapeutic range 
study should span the measurable range of the aPTT assay, 
with no more than two samples from any one patient. The 
patient should not be on concomitant warfarin therapy. The 
aPTT is plotted versus the heparin anti-Xa assay result and 
the linear regression equation calculated. The aPTT range 
that correlates to 0.3 to 0.7 U/mL heparin activity is the 
recommended therapeutic range for unfractionated heparin. 
Although more expensive, the anti-Xa assay is preferred for 
accurate unfractionated heparin dosing.'* 


Anti-Vitamin K (Warfarin) Therapy 

The PT is the most commonly ordered coagulation assay, 
largely owing to its use when monitoring warfarin therapy. 
Warfarin blocks gamma-carboxylation of the vitamin K- 
dependent coagulation factors and inhibitors in the liver— 
factors II, VII, IX, X, protein S, and protein C. The result is 
formation of inactive forms of the proteins. The PT is pro- 
longed owing to the decrease in factor activity, and patients 
are commonly monitored with the calculated INR. The thera- 
peutic range for most indications is an INR of 2.0 to 3.0, with 
a higher range used in patients with mechanical heart valves 
and those resistant to warfarin 


Method 33-11; Anti-FXa Assay (Heparin Activity) 
Although the factor Xa-assay and the aPTT are both used to 
evaluate heparin therapy, they differ in clotting assessment. 
Heparin enhances antithrombin l! activity to prevent clotting 
where antithrombin ITI binds and inactivates FLXa, FX, FXa, 
FXIla, and thrombin. The aPTY measures both the intrinsi¢ 
and common pathways; however, the factor Xa-assay mea 
sures the common pathway alone 


Monitoring Direct Thrombin Inhibitors 

Several agents are in clinical use that anticoagulate by directly 
inhibiting thrombin and blocking its ability to convert fibrin- 
ogen to fibrin, Varieties of hirudin, an anticoagulant first dis- 
covered in leeches, and now manufactured with recombinant 
methods, include lepirudin, desirudin, and bivalirudin. ATg% 
troban as well as dabigatran are synthetically manufactured: 
The PT is too responsive to these agents; aPTT response flat- 
tens out in the critical measurement range, and the thrombin 
time is frequently prolonged over the measurable range of the 


——S 
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11 Anti-FXa Assay (Heparin Activity) 


Plasma containing unfractionated, low molecular weight, or direct antifactor Xa (anti-FXa) inhibitors is added to a reagent 
Eapraining a constant amount of FXa. In the presence of antithrombin, either added as a separate reagent or present in the 
patient's plasma, Inhibition of FXa will occur in proportion to the amount of heparin present. A chromogenic substrate is 
added and any residual active FXa will cleave the substrate, producing a color change. The optical density is monitored at 
405 nm, with the degree of color produced inversely proportional to the amount of heparin in the sample (Fig. 33-7). This 
procedure is easily automated on most current coagulation analyzers. 


Unknown amount 
of heparin + AT 


Inhibits ~~") ee al + Bl 


Color produced at 405 nm inversely 
related to heparin concentration 


FIGURE 33-7 Heparin anti-FXa assay. 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


Therapeutic levels: 
Unfractionated heparin = 0.3 to 0.7 IU/mL 


Low molecular weight heparin = 0.6 - 1.1 1U/mL if dosed twice per day; 1.0 to 2.0 IU/mL if dosed once per day 


same type of anticoagulant the patient is on, i.e., unfractionated 


The calibration curve should be prepared from the 
in® for example), or fondaparinux (Arixtra®). 


heparin, low molecular weight heparin (Lovenox®, Fragmi 


Reported in U/mL 
s are established in each facility based in the reagents, 


never be performed ifthe type of therapeutic heparin is u 


lot numbers, and anticoagulant of interest 


Reference range 
en nknown. Assays must be specific to 


Anti-FXa assays should 
therapies. 


: these agents are present, so alternative assays are Tests to Measure Fibrin Formation 
y that have a responsive, measurable range inclusive Method 33-12: Reptilase Time 

utic ranges of these drugs. Assays that have this The reptilase time is use 

: igh je the inhibitors, such as heparin, are causing a prolonged TT. The snake 


not in common laboratory use, include ¢ parin, are C2 
am 2 Hime and the Prothrombinase-induced clotting yenom enzyme, reptilase, is resistant to the effects of heparin. 


~ 33-12 Reptilase Ti 

' e Time j 3 
the clotting sequence is initiated with the snake venom enzyme reptilase, 

TT except that from the intact fibrinogen molecule. This is in contrast 


The reptilase time is similar to the 

opeptide A 

Reptilase is thrombin-like in nature and hydrolyses fb binogen. The clot that forms as the result of the action of rep- 
SeS fibrinopeptide Aan fpeaction st thrombin on fibrinogen. The advantage of reptilase 


to thrombin, which hydroly: ra 
tilase on fibrinogen is more fragile than that fo only a minimal effect on the reptilase 2 time by FDPS. 
time is that itis not inhibited by pi —— 


Sodium citrate anticoagulated plasma . ‘te ms 
E vis.com 
eps for this procedure at www fada is | 
~ re innbited tough the interact of antithrombin (ATI). ocued beretin Joss 
ms innibited th'OUS T= from fibrinogen. A comparison of both TT and reptilase 
jase to cleave NDF” o - 

inhibitors hepar 
___ time will aid in detecting the presence © thrombin se — 

In states of hypofibrinagenemnia, the reptilase time 
conge ilase time is moderately prolonged in the . 

i esent. The reptilase : 

May be variable, depending 09 the levels of = a i Fe erty prolonged inthe p : 
____ Of FDPs and is unaffected by heparin. Table 33-4 reptilase presenc 


___ See the required equipment and st 


Continued 
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Reported in seconds 


18 to 22 seconds 


The reptilase test can be used to confirm heparin contamination and thrombin clotting time results in factor Vil} deficiency 
and heparinized samples." 


TABLE 33-2 Comparison of Thrombin and Reptilase Time and Associated Defects 


Thrombin Time 
Infinitely prolonged 


Defect 
Infinitely prolonged . Dysfibrinogenemia 


Infinitely prolonged 


Infinitely prolonged mh _Afibrinogenemia 


Equally prolonged 2 Hypofibrinogenemia 


Normal 


Method 33-13: Fibrinogen Activity 
Fibrinogen activity testing is necessary to identify the quantity 
of patient fibrinogen after an abnormal TT result. 


Tests for von Willebrand’s Disease 


Von Willebrand’s disease (vWD) is seen in approximately 
1 in 10,000 symptomatic patients, making it one of the most 


Slightly to moderately prolonged 


common inherited bleeding disorders. The von Willebrand 
factor (vWF) molecule is multifunctional in hemostasis acting 
in platelet-subendothelium and platelet-to-platelet adhesion as 


well as in platelet aggregation The vWF molecule has specific 


METHOD 33-13 Fibrinogen Activity eT 


Bh oe aN 
Fibrinogen can be quantitatively measured by a modification of the TT because the thrombin clotting time of dilute plasma 


is inversely proportional to the concentration of fibrinogen. This method involves testing dilutions of both patient plasma 
and control plasma with an excess of thrombin and is referred to as the Clauss method. Results are calculated froma 


Prolonged clotting times may indicate either a low fibrinogen concentration or the presence of inhibitors such as heparin 
A comparison of clotting times using both TT and reptilase time may help to distinguish a fibrinogen deficiency from a 


Low fibrinogen activity is seen in infants and children and in those with congenital afibrinogenemia dysfibrinogenemia, 
or hypofibrinogenemia. Acquired deficiencies are seen in liver disease, disseminated intravascular coagulation (DIO, and 


High fibrinogen levels are seen during pregnancy and in women taking oral contraceptives. Fibrinogen is considered an 
acute-phase reactant, and, therefore, high levels may be seen in states of acute infection, neoplasms, collagen disorders 


Principle 

calibration curve (see Fig. 33-8). 
Specimen Sodium citrate anticoagulated plasm 
Procedure See the required equipment and steps for this procedure at www-fadavis.com 
Interpretation 

or circulating FDPs. 

dysfibrinogenemia. 

fibrinolysis. 

nephrosis, and hepatitis along with other conditions causing physical stress. 
Limitations 


If a prolonged clotting time is obtained using a 1:10 dilution of patient plasma, this may indicate low fibrinogen levels of 


binding sites for factor VIII, glycoprotein (GP) Ib, and GP IIb 
Illa platelet receptors, collagen, sulfatides, heparin, and snake 
venom—derived botrocetin. It interacts with the GP Iba sub- 
unit platelet receptors, functioning to anchor platelets to an 


50 mg/dL or less. Retest the sample using a 1:5 or 1:2 dilution with buffered saline and divide the results by 2 of 5, respectively | 


to obtain the final result. If a short clotting time is obtained using a 1:10 dilution of patient plasma, this may indicate high = 
ogen levels of 400 mg/dL or more. Retest the sample using a 1:20 dilution and multiply the results by 2 to obtain the final res 


=. ——_ 
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of the PT determination. This is known as a PT-derived fibrinogen. Fibrinogen activity determined by this methodology is 
more susceptible to interfering substances such as incr 


eased levels of FDPs, which may cause unreliable results. 


Fibrinogen antigen levels may also be assayed by means of radial immunodiffusion (RID) or nephelometry. This is a 
measure of the total amount of fibrinogen protein present, compared with fibrinogen activity, which Is a measure of its 


functional ability. Determination of both fibrinogen antigen and activity levels is useful in evaluating dysfibrinogenemia, 
which will show abnormal fibrinogen activity with normal antigen levels. 


USE THIS GRAPH ONLY WITH: TYPICAL CURVE 
|FIBRINOGEN CALIBRATION REFERENCE | FipRoMeTER ; 
LOT NO. FS-13 225 mg/dL. 


EXAMPLE: With this typical graph, a 1:10 
dilution and 10.0 s clotting time: 
205 mg/dL 


Aa 


nit 


150 


150 FIGURE 33 
i 8 Fibsinogen calibration ; uew 
Fibrinogen in mg/dl nd 
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exposed collagen surface. vWF has a very high binding affin- 
ity for factor VIII and thus acts as a carrier molecule to extend 
the half-life of factor VIII in circulation by protecting it from 
proteolytic degradation from circulating proteases.” 

The vWF molecule forms dimers within itself that range 
in size from 500 to 20,000 kDaltons. The high molecular 
weight multimers are responsible for most of the hemostatic 
activity as determined by ristocetin cofactor activity or col- 
lagen binding assays. ADAMTS-13 is a circulating protease 
that cleaves large vWF multimers at the subendothelium to 
regulate thrombi development. Deficiencies in ADAMTS-13 
result in thrombotic excesses.”° vWF is synthesized by mega- 
karyocytes and in endothelial cells and is also present in the 
a-granules or specific Weibel-Palade bodies of platelets. von 
Willebrand’s disease is categorized into types based on the 
presence or absence of high molecular weight multimers 
(Table 33-3). 


Method 33-14: von Willebrand Factor Antigen 

Von Willebrand factor antigen (vWF:Ag) can be quantitated 
using enzyme-linked immunosorbent assay (ELISA), Lau- 
rell rocket electrophoresis, or latex immunoassay (LIA). 
These methods measure the total von Willebrand factor pro- 
tein independent of its ability to function. The automated LIA 
method and the ELISA method, using the sandwich technique, 
are most commonly used for the quantitative determination of 
vWF:Ag (Figs. 33-9 and 33-10). 

In the LIA method, microlatex beads are coated with spe- 
cific antihuman vWF antibodies. When plasma is added, the 
vWF present in the sample binds to the latex beads, caus- 
ing aggregation of the microparticles. The optical density 
(OD) is monitored at 570 nm, and the quantity of vWF in 
the sample is directly related to the increased OD of the 
solution. This method is commonly automated on coagula- 
tion analyzers. 


Method 33-15: von Willebrand Factor Activity 
(vWF:RCo, Ristocetin Cofactor) 

In von Willebrand’s disease, the amount of agglutination is 
usually decreased, with the exception of type 2N and “pseudo” 
or “platelet-type” von Willebrand deficiency. Levels of vWF 


TABLE 33-3 Types of von Willebrand's Disease 


VWF Antigen 


Decreased 


__ Decreased production: 


~ Decreased HMW multimers, ¢ decreased 
platelet-dependent function 


Increased affinity for platelet GPIb/IX/V 


Slightly decreased c or 
_hormal 


Slightly. decreased or or 4 


Agglutination causes increase 
in OD at 570 nm 
FIGURE 33-9 Latex immunoassay principle. 


FIGURE 33-10 Principle of the sandwich enzyme-linked immunosorbent 
assay (ELISA) test for von Willebrand factor antigen (vWF-Ag). (Modified 
from Constantine, N, et al. Retroviral Testing, Essentials for Quality Control 
and Laboratory Diagnosis. Boca Raton, FL: CRC Press; 1992, p.71, with 
permission.) 


activity are determined by the ability of the test plasma to 
induce agglutination of a standardized platelet suspension in 
the presence of ristocetin. There is a good degree of correla- 
tion between the activity of vWF in vitro and its activity in 
vivo, as assayed by means of the bleeding time.* 


von Willebrand Collagen Binding Activity 

The vWF-binding activity assay (vWF: Co) assesses the 
ability of vWF to bind to collagen. The collagen binding assay 
uses the ELISA sandwich technique to determine vWF activ- 
ity. The proportion of von Willebrand binding activity should 
be interpreted in relation to VWF:Ag to distinguish between 
type 1 and type 2 vWD. A collagen binding defect can be ruled 
out in the event the proportion of vWF: CB and vWF:Ag is 
less than one. Plasma is added to microtiter wells coated 
with collagen. The high molecular weight vWF multimers 
present in the plasma will bind to the collagen according to 


Collagen Binding 
Decreased 
Very decreased 


Ristocetin Cofactor 
Decreased 
Very decreased 


Decreased Decreased 


normal 


Essentially absent 


Essentially absent 


Decreased 


Severe quantitative defi iciency | 


Essentially absent 
Decreased 


Decreased platelet-dependent hmvctions 
not related to HMW multimer deficiency 


Very decreased relative to 
antigen level 


Factor vill binding dysfunction Normal 


Defect of platelet GPIb/IX/V binding s site 3 


Normal 


Normal 


Normal Normal 


Normal 
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The ELISA method utilizes a microtiter plate coated wi 


ith specific rabbit anti ibodi re the VWF 
to be measured. Rabbit anti-vwF antibody coupled ple tap yesbrnreg: 


| . e with peroxidase binds to the remaining free antigenic determi- 
nants of vWF, forming the “sandwich. The bound enzyme peroxidase is then detected by its activity on the substrate 
orthophenylenediamine (OPD) in the presence of hydrogen Peroxide or TMB (Fig. 33-10). The reaction is stopped with 


a strong acid. The intensity of the color produced is directly related to the vWF concentration present in the plasma 
sample and is read from a standard curve, 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


The vWF antigen level is decreased in type 1 and type 3 von Willebrand's disease. Type 2 von Willebrand's disease typically 
shows a normal or slightly decreased antigen with a decreased vWF activity due toa dysfunctional protein, or loss of the 
functional high molecular weight multimers due to increased proteolysis. 


The vWF-Ag is an acute-phase reactant, and levels increase above normal during pregnancy, with use of birth control pills, 
physical exercise, and stress. They also rise with age. Elevated vWF:Ag levels may also be observed when there is injury 

to the vascular endothelium, such as cancer, fever, in hepatic or renal disorders, during the postoperative period, or with 
thrombosis and myocardial infarction, It is also worth noting that blood group type-O normally express 25% lower levels of 
vWF compared with type-A patients.” 


Protein degradation could lead to falsely decreased values. 


Reported in relative percent in relation to normal plasma 


50% to 150% 


ELISA kits are readily available, and procedures tend to be very similar, only differing in manufacturer-specified reagents. 


b and Activity (vWF:RCo, Ristocetin Cofactor) 


The vWF:RCo assay assesses the interaction between vWF and platelet glycoprotein Ib/IX/V (GPIb/IX/V) where factor VIII/ 
VWF complex promotes agglutination of platelets in the presence of ristocetin. Normal reconstituted lyophilized platelets 
are mixed with dilutions of control or test plasma. Ristocetin is added, and the rate of aggregation is quantitated. The rate 
of aggregation is proportional to vWF factor activity. The activity of unknown test samples is extrapolated from a reference 
graph obtzined by testing dilutions of normal pooled plasma. 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 

Patients with von Willebrand's disease range from 0% to 50% activity. The results typically correlate well with vWF:Ag. 

Normal or increased levels of WF are found in patients with hemophilia A and Bernard-Soulier syndrome. Certain disease 

States such as diabetes mellitus, hyperthyroidism, liver disease, chronic renal sade Lae endothe! lial cell damage, 

and disorders of the myeloproliferative syndrome may cause an increasé In Aiie level ol VWF gcthalty, i 
ail a von Willebrand's disease during inflammation or pregnancy, or fol- 

||, despite the prolonged bleeding times.* Patients who present with a 

longed bleeding times in the face of decreased to normal vWF levels 


WWF activity may become normal in individuals with 
lowing transfusion with components rich in factor vl 
Variant form of von Willebrand's disease may show pro! 
but increased activity of ristocetin.” ——~- 


A linear regression equation is determined with the slope of diluted reactions on the y-axis and the % VWF on the x-axis on 


9 semilog plot. oaeeeiiaeee 


Reported asapercent ofnormalactivity . ——- aaa ee 
50% to 150% activity (compared with normal pooled d plasma) 


m 


may be necessary before making a diagnosis. 


‘ " yee separate assays 
Because variations exist with other clinical cases, tW0 OF th 


re - Washing to remove unbound proteins, anti- von Willebrand Pisce “el ‘eal . 

Niugated with b ae cidase is added Once a patient is diagno: rp Tse ebrand’s disease, 
oO With the se mae Is oe substrate is determination of the as os eficiency is important to 
td by © olor —S re VWF. An eens determine proper therapy. ye A analysis is an electro 

the change i. isn by cant of the s phoretic technique used to identify the vWD phenotype an d 

nm, 


OO 
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is considered the gold standard of testing in acquired von 
Willebrand’s disease.*! 

Plasma samples are treated with a detergent-buffer and 
electrophoresed through a low concentration agarose or poly- 
acrylamide gel. VWF multimers separate according to size, 
with the highest MW multimers closest to the application 
point. The multimers are transferred to nitrocellulose paper 
via a Western blot technique, and the blot incubated with a 
labeled antibody to vWF. The presence of vWF multimers is 
revealed by addition of a colorimetric substrate, or if a radio- 
labeled anti-vWF is used, by development of a radiograph. As 
seen in Figure 33-11, a normal pattern shows bands through- 
out the gel; type 1 vWD shows a normal pattern of bands with 
a decreased quantity, and types 2B and 2A show a loss of high 
and both high and mid molecular weight bands, respectively. 
A type 3 pattern shows the presence of no vWF. Standardized 
diagnostic guidelines to accurately interpret and appropriately 
classify different forms of vWD are necessitated due to the 
misclassification events. 


Molecular Analysis in vWD 

Molecular diagnosis of VWD has many confounders in genetic 
analysis. Molecular defects have been observed in numerous 
functional domains in the multimeric glycoprotein necessitat- 
ing multiple tests for diagnosis. The relatively large vWF gene 
spans 178 kb and contains 52 exons. It is highly polymorphic 
containing numerous SNPs, but these variations in sequence 
are not associated with bleeding abnormalities. Sequencing is 


FIGURE 33-11 VWF multimer gel. Lane 11. Type 2A showing loss of high 

and moderate MW multimers. Lane 10. Type 1 showing a normal distribu- 
tion with decreased quantity. Lane 9. Type 2B showing a loss of high MW 

multimers. Lane 8 Normal pattern. 


further complicated with the presence of a homologous partial 
pseudogene on chromosome 22. Although genetic testing is 
not preferable in most cases, it is most useful when specific 
laboratory tests are inconclusive, and an effective treatment 
remains elusive.” 


Tests to Assess Hereditary Thrombotic Risk 
Several hereditary defects have been linked to an increased 
risk of thrombosis, particularly in the venous system in 
the form of deep vein thrombosis (DVT) and pulmonary 
emboli (PE). These conditions occur frequently in our pop- 
ulation with severe consequences. DVT has an incidence of 
2 million per year, which is greater than that of heart attack 
and stroke combined. PE is the cause of 200,000 deaths per 
year in the United States, half of which are considered pre- 
ventable if diagnosed and treated properly and causes 10% 
of all hospital deaths. By knowing a patient’s risk factors 
for venous thrombosis, anticoagulation can be started when 
thrombotic risk is increased such as postsurgery and during 
pregnancy to prevent these fatalities. 
Important considerations include: 


1. Timing of specimen collection is important when testing 
for hereditary thrombotic risk factors to avoid mislabeling 
a patient with a hereditary deficiency. Ideally, a patient 
should be tested when they are not on any anticoagulants 
and are nonsymptomatic. Protein C and protein S 
are vitamin K dependent and will be decreased while a 
patient is on warfarin. They are also decreased following 
an acute thrombotic event, and protein S is decreased 
during pregnancy. Antithrombin is decreased in vivo 
during heparin therapy. DNA assays for genetic muta- 
tions are not affected by disease, and treatments may be 
performed at any time. 

2. Age of the patient when presenting with their first venous 
thrombotic event should direct the laboratory evaluation 
of hereditary risk factors. Antithrombin-deficient 
patients typically have their first event at a relatively 
young age, in their teenage years or 20s. Protein C- and 
protein S—deficient patients usually present before 
age 60. APC-resistant patients may develop their first 
thrombosis at any age, even after age 60. Risk of throm- 
bosis increases gradually with age in all people, and by 
age 75 the incidence of venous thromboembolism is 
estimated at | in 100. 


Method 33-16: Activated Protein C Resistance/ 
Factor V Leiden 

Activated protein C (APC) resistance may be either hered- 
itary or acquired. The most common cause of hereditary 
APC resistance is the presence of factor V Leiden mutation 
(A506G). This mutation is found heterozygous in approx 
mately 5% and homozygous in about 0.02% of the Caucasian 
population.” This inherited defect makes the factor V mole- 
cule resistant to the proteolytic activity of activated prot 
C, thereby negating its regulatory effect on thrombin Lv 
eration and increasing the potential for the development 
thromboses. Owing to possible interferences in the clot-bas© 


—— 


1€ 


CHAPTER 33 Coagulation Methods 789 


- Activated Protein C Resistance/Factor V Leiden 


The APC resistance assay is a clot-based assay used most fre 
assay, patient plasma is diluted 1:5 or 1:10 in factor V-defi 
makes the reaction dependent on the factor V in the pati 


quently to screen for the presence of factor V Leiden. In this 
cient plasma. This normalizes all other coagulation proteins and 

3 lent sample. Activated protein Cis added, and an aPTT or dilute 
Russell viper venom time (GRVVT) performed. The activated protein C will inhibit factor V procoagulant activity in a normal 
sample, prolonging the aPTT or dRWT. A blank reaction is performed at the same time substituting buffer for the APC in 
the assay. The clotting time including APC is divided by the clotting time of the buffer reaction. A ratio of greater than 2.4 is 
generally considered normal with a PTT-based assay, although the normal cut-off must be determined with each reagent/ 


instrument system in each laboratory. To test for acquired APC resistance, the assay is performed without dilution in factor 
V-deficient plasma. 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


Abnormal resistance to activated protein C is consistent with a ratio of less than 2.0. 


Patients should not be receiving argatroban or like products. Elevated levels of factor VIII (acute phase reactant) can nor- 
malize the aPTT and reduce the effect of activated protein C. Abnormal results may be seen in pregnancy due to decreased 


levels of protein S and increased levels of factors V and VIll. 


APC resistance ratio = aPTT with APC:aPTT with no APC 


g Results Reported as a ratio expressed as a number to the tenth place. 


ce Ranges Aratio <1.5 suggests factor V Leiden is present 
Aratio of 1.5 to 2.0 is borderline 
A ratio >2.0 means factor V mutation is unlikely 


'* Sereening assay such as Jupus anticoagulants, abnormal 


Must be confirmed with DNA analysis for the factor 
N mutation. 


~ ecru mecrtnr nn anceennancmeenrmecennt 


ADVANCED CONTENT 


A analysis may be performed with polymerase chain 
EL LECR) methods, cither as site-specific allele 
fe s0n with visualization on an agarose or acryl- 
a for normal and mutant bands or as a restric- 

ment length polymorphism (RFLP). It may 
: ©rmed via the fluorescence energy transfer 

(FRET), an automated system, using the auto- 


'SOn a technology (Third Wave Technologies, 


WY) is a naturally occurring inhibitor 
d oj Nand plays an important role in hemo- 
Siteulaice ,278lobulin that is Poiattel in the liver 
me POnsib le the plasma. It is the major plasma inhib- 

Ma, ae Neutralizing the activity of thrombin, 
mr OBre la, and Xla; and plasmin. Antithrombin 
bin b ¢ly, and irreversibly inhibits the action 
, this cing a 1:1 stoichiometric complex with 
in bj, ™Plex forms when the active serine site 
* With the arginine site of antithrombin. 


ir 
; It je Sulatio, 


> 


Ssiy, 


DNA-based testing is suggested if the APC resistance test is abnormal to confirm APC resistance. 


The inhibition of thrombin by antithrombin is greatly 
accelerated by heparin. 

Antithrombin activity and antigen can be measured by a 
variety of techniques. The most frequently used assays are 
(1) chromogenic substrate assays, (2) micro latex particle 
immunological assay (LIA), and (3) nephelometry. 


Method 33-17: Antithrombin Functional Assay 
(Activity Chromogenic Substrate Assay 
Chromogenic antithrombin assays measure the functional ley- 
els of antithrombin in plasma via an amidolytic method using 
a synthetic substrate. These assays may be based on inhibition 
of thrombin or FXa. 


Method 33-18: Antithrombin Immunological 

Assay (Antigen)—Microlatex Particle 

Immunological Assay 

Immunological antithrombin assays quantitate the amount of 
antithrombin in plasma. 


Protein C Assays 


protein C is a vitamin K-dependent serine protease that func- 
tions as a major regulatory protein in the control of coagula- 
tion, Thrombin (Fila) and thrombomodulin covert protein C 
into its active from of activated protein C. Activated protein 
C, with its cofactor protein S, is a potent anticoagulant that 
acts by proteolytically inactivating factors Va and Villa, and 
also enhances fibrinolytic activity in plasma.™ Factors Va and 
Villa are important in accelerating the activation of prothrom- 
bin and factor X. 
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METHOD 33-17 Antithrombin Functional Assay (Activity) 


Plasma containing antithrombin is diluted in the presence of heparin and incubated with excess Fila (thrombin) or 
FXa, forming an antithrombin-factor (Ila or Xa)-heparin complex. Heparin bound to antithrombin causes a conforma- 
tional change in the antithrombin structure, This structural change increases the inhibitory activity of the antithrom- 
bin, Any remaining factor (Ila or Xa) catalyzes the cleavage of the chromogenic substrate, resulting in a color change, 
The release of p-nitroaniline (pNA) is measured by either an endpoint or kinetic method at 405 nm. The absorbance 
obtained is inversely proportional to the AT activity concentration in the sample and may be quantitated by interpola- 
tion from a calibration curve. 


Sodium citrate anticoagulated plasma 


ae ‘See the required equipment and steps for this procedure at www.fadavis.com ape 


Since 1965, antithrombin has been considered important as a result of the description of the first known hereditary defi- 
ciency and its consequences; that is, the congenital decrease of the antithrombin level is accompanied by a high frequency 
of spontaneous thromboembolic disorders. 


Hereditary qualitative deficiencies are less frequent and are identified by antigenic antithrombin levels being normal while 
antithrombin activity levels are decreased, In addition to these deficiencies, a number of acquired deficiencies have been 
described, including DIC, nephrotic syndrome, and liver diseases, and deficiencies resulting from oral contraceptive use, 
postsurgical state, and after prolonged heparin therapy. 


Limitations If specimen contains heparin (drawn after heparin flush or after receiving heparin), results may be erroneous, Hirudin or 
argatroban anticoagulants may interfere. Some assays may fail to detect clinically significant variants, 


This methodology does not detect functional deficiencies by itself. If initial antithrombin result is low, should do confirma- 


Reference Ranges Neonates 30% to 50% 
Infants and children 60% to 90% 
Adults 90% to 120% 


It is useful to differentiate between type | and type II mutations and whether the heparin binding site is affected. The 
antithrombin gene (SERPINC1) should be sequenced, 


METHOD 33-18 Antithrombin Immunological Assay 


A beam of monochromatic light can traverse a suspension of microlatex particles to which specific antibodies have 

been attached by covalent bonding. If the light is of a wavelength that is much greater than the diameter of the latex 
particles, it can pass through the latex suspension unabsorbed. However, in the presence of the antigen being tested, the 
antibody-coated particles agglutinate to form aggregates of diameters greater than the wavelength of the light and the 


latter is absorbed. li 
“Spedmen ae ~ Sodium citrate anticoagulated plasma “a rm. 
Procedure See the required equipment and steps for this procedure at www.fadavis.com 
interpretation rag Since 1965, antithrombin has been considered important as a result of the description of the first known hereditary defi- 


clency and its consequences; that Is, the congenital decrease of the antithrombin level is accompanied by a high frequency 
of spontaneous thromboembolic disorders. 


Quantitative antithrombin deficiencies are the most frequent. They are identified by both the antithrombin antigenic and 
activity levels being depressed. In addition to these deficiencies, a number of acquired deficiencies have been described, 
including DIC, nephrotic syndrome, and liver diseases, and deficiencies resulting from oral contraceptive use, postsurgical 
state, and after prolonged heparin therapy. 


Limitations Some assays may fail to detect clinically significant variants. 
This methodology does not detect functional deficiencies by itself, 


Formulas There is a direct relationship between the observed absorbance value at 570 nm and the concentration of the antigen 
being measured, Antithrombin concentration can be directly derived from a correlating standard curve of varying known 
concentrations of antithrombin reagents, 


Reporting Results Reported as a percent of normal 


Neonates 30% to 50% 
Infants and children 60% to 90% 
Adults 90% to 120% 


2-18 Antithrombin Immunological Assay—cont'd 
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antithrombin (SERPINC7) gene. 


\VANCED CONTENT 


onents of the protein C system include proteins C 
_ C4b-binding protein, thrombomodulin, activated 
n C inhibitor (plasminogen activator inhibitor-3), 
ombin. Protein S, also a vitamin K—dependent 
is a necessary cofactor in the reaction in which 
fa is inactivated by protein C. Laboratory diag- 
of a protein C deficiency is performed using clot- 
ays, ELISA (immunological), and chromogenic 
s.* Sequence analysis of the PROC gene is also 
le. Erroneous results are possible using clot-based 
due to the effects of circulating inhibitors, high 
FVIII, and by FV-Leiden mutations. The aPTT 
PT are not sensitive to decreases in protein C 


od Re Protein C Immunological Assay 

nA 
ay is not generally used to identify a deficiency; 
this approach detects low levels of activity and the dys- 
tonal form of the protein. 


If initial antithrombin result is low, should do confirmato 


ry test on repeat specimen followed by sequencing of the 


Method 33-20. Protein C Functional Assays 
(Activity)—Chromogenic Substrate Assay 

This assay measures the response of protein C to Copperhead 
snake venom. 


Method 33-21: Protein C Clot-Based Assay 
The clot-based assay determines the ability of APC to prolong 
the aPTT test. 


Protein S Assays 


Protein S (PS) is a vitamin K—dependent cofactor for the anti- 
coagulant and proteolytic effects of activated protein C. In 
normal plasma, about 60% of protein S is complexed with the 
C4bBP, whereas the other 40% is in free form. PS bound to 
C4b-binding protein (C4bBP) has little or no cofactor activity 
and only free protein S acts as a functional cofactor.” There 
are three “activity” assay approaches to test for protein S defi- 
ciency. First, clotting assays evaluate the function of PS as a 
cofactor. These assays are affected by numerous confound- 
ers thus should not be the primary evaluation method. There 
is also the Protein S Free Antigen Assay that measures the 
unbound or functional protein S. This assay has shown to 
be the most reliable indicator in protein S deficiency. Lastly, 
the Protein $ Total Antigen assay measures both free and 
bound protein S. This assay can differentiate different types 


> 33-19 Proteiligmmmun ological Assay (Antigen) 


A microtiter plate coated with specific rabbit antihuman protein C antibodies captures the Protein c antigen to be mea- 
Sured. Rabbit antiprotein C antibody coupled with peroxidase then binds to the remaining free antigenic determinants of 
Protein C, forming a“sandwich? The bound enzyme peroxidase is then ene pales teeter oe 
Phenylened iamine in the presence of hydrogen peroxide or TMB. The reaction nas add. 


Sodium citrate anticoagulated plasma =, SS 

See the required equipment and steps for this procedure at www-fadaviscom =a be 
Protein C deficiency has been described as a risk factor in peeoiyenyh are oe ev eae) — aden 
tectable levels of protein C with congenital homozygous deficiency, a e 


Numerous Clinical conditions.* Sty 2a ws aS Plo 2 eae 
= uit does not detect functional defects. Some inhibitors can be detected with this 


Immunological analysis is very sensitive bi 
Methodology. Soe Ee Pa — 


n ne . Cantigen concentration present inthe plasma 
The intensity of the color produced is directly proportional to the prac 
Sample. Results are derived from a standard cue, __. sstecieecdainainian a 


— Reported as tu/dL SS ——— 


Infants to teens 40 to 60 IU/dL 
Adults 65 to 135 IU/dL 


cformed when protein C deficiency is suspected, 
Mutational analysis of the protein C (PROO gene * 


ee 
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Protein Cin plasma is activated by a specific enzyme from Southern Copperhead snake venom. The amount of activated 
protein Cis determined by the rate of hydrolysis of the synthetic substrate S-2366. The amount of pNA (yellow color) 
release measured at 405 nm is proportional to the protein C level. 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www. fadavis. com — 


Protein C deficiency is an autosomal dominant disorder and is associated witha ani increased risk of VIE. 


Heparin levels up to 3.0 1U/mL do not interfere with the assay. Elevated levels of hemoglobin, bilirubin, or lipid may inter- 
fere with the assay, and results from severely hemolyzed, icteric, or lipemic specimens should be interpreted accordingly. 
The chromogenic activity assay may overestimate the protein C activity in patients on oral anticoagulant therapy due to 
the activity of noncarboxylated forms of the protein. 


Chromogenic assays have a high sensitivity, detect most functional defects, and are not affected by clot-based interfer- 
ences like lupus anticoagulant, factor VIII levels, or the presence of the factor V Leiden mutation but are unable to detect 
fare mutations. 


The quantity of protein Cis determined based on the rate of the color change in the test sample due to the chromogenic 
substrate. Protein C concentrations are derived from a standard curve. 


Reported as 1U/dL 


Infants to teens 40 to 60 IU/dL 
Adults 65 to 135 IU/dL 


The chromogenic assay is not dependent on protein S levels. Mutational analysis of the protein C (PROC) gene should be 
performed when protein C deficiency is suspected. 


METHOD 33-21 Protein C Clot-Based Assay 


Principle Protein C is activated in the presence of a specific activator, such as snake venom. Protac is one such toxin, extracted from 
the venom of copperheads, that remains the gold standard in protein C detection and quantification.” The resulting acti- 
vated protein C inactivates factors Va and Villa, and thus prolongs the aPTT compared with the baseline value. 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


Low levels of protein C are observed at birth as a result of liver immaturity. In adults, the protein Cc level appears to be 
independent of age and sex. Hereditary protein C deficiency can be classified as type | or type |, according to the levels of 
protein C activity and antigen measured. Acquired deficiencies of protein C are observed in hepatic disorders such as hepa- 
titis and cirrhosis, vitamin K deficiency, DIC, and oral anticoagulant therapy. In these cases, the interpretation of test results 
is difficult if the patient has had a history of f thromboses and is receiving anticoagulant treatments. 


Heparin does not affect test results when present at a concentration less than 1.0 IU/mL. Higher levels of heparin may jlead 
to an overestimation of the protein C level by causing an additional prolongation of the aPTT. The presence of lupus anti- 
coagulants may also prolong the clotting time, causing a falsely elevated result. Misleading decreases may be seen with 
factor V Leiden factor mutation and in cases of activated protein (e resistance, 


Formulas Protein C activity is determined based on the degree of prolongation of the aPTT compared with a calibration curve pre- 
pared from dilutions of normal pooled plasma. 


Reporting Results Reported as IU/dL 


Reference Ranges Infants to teens 40 to 60 lu/dl 
Adults 65 to 135 WU/dL. 


Mutational ‘analysis of the protein C (PROO, gene should be performed when protein C deficiency is suspected. 


of PS deficiency but should not be used as a primary test | Method 33-22 Protein S Functional Assay 
methodology due to conditions that express normal levels of (Activity) —Clotting Assay 

protein S.** Total and free protein S can also be measured via __ The functional protein $ assay is based on the observation that 
latex immunoassay (LIA) or ELISA methodology. The immu- activated protein C will inactivate factors Va and Villa in the 
nological approach enables testing for specific PS mutations, presence of protein S. 


Diluted plasma is mixed with protein S-deficient plasma, 
phospholipid, and activated protein C. The activator may 
A linear relationship exists between the concentration of 
to protein S—deficient plasma causes a Prolonged clottin: 
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22 Protein S Functional Clot-Based Assay (Activity) 


which is then activated in a one-stage assay that uses factor Xa, 

be aPTT-based, FX-based, or PT-based depending on the kit used. 
Protein S and the prolonged clotting time. Normal plasma added 
g time proportional to the amount of normal plasma added. 


Sodium citrate anticoagulated plasma 


See the required equipment and steps for this procedure at www.fadavis.com 


Protein S deficiency is an autosomal dominant disorder with increased risk of venous thromboembolism (VTE). 


Homozygous protein S deficiency may be present in neonates exhibiting extensive cutaneous hemorrhaging. 
Type !I deficiency is detected with a functional assay, 


Negative results are not always conclusive and further testing may be required. The presence of heparin and high levels of 
factor Vill may interfere with this assay, as do lupus anticoagulants. 


Clot-based tests for protein S deficiency should be used as a screening test. Results obtained from this assay are not 
specific and erroneous results may be obtained when a factor V-Leiden factor or lupus anticoagulant is present.” Protein S 
may appear decreased due to high levels of C4b, oral contraceptives, and in samples more than 8 hours old.” 


plasma on a reference curve. 


Functional protein S determinations are obtained by comparing the clotting time of normal plasma with that of the patient 


g Results Reported as U/dL 


ce Ranges Neonate levels low due to vitamin K—dependent clotting factors 


Males >70 to 140 U/dL 
Females >60 to 130 U/dL 


$ Immunological Assay (Antigen) 

sly described latex immunoassays (LIA) for free and 

Protein S antigen determinations are commercially avail- 

and may be performed on automated analyzers. 

a smMercial assays ere also available that use the ELISA 

deter. ©ChNique with monoclonal capture antibodies to 
mine free and total protein S levels. 


xy 
cerombin G20 0A (Factor Il) Mutation 
i A substitution in nucleotide position 20210 of the 3° 
1. @ Comm Tegion of the prothrombin gene is responsible 
*S Who j ©n polymorphism of factor II protein. Individu- 
! “rit One abnormal allele are considered heterozy- 
Sse with two mutant alleles are homozygous for 
Bo © Presence of one prothrombin G20210A allele 
ed sue) is ASsociated with at least a three- to six-fold 
°F deep venous thrombosis for all ages and both 
: ig BUS deficiency further increases risk. Risk 
"iv Uals =, er increased by up to 80 times normal 
In © carry both the prothrombin defect and fac- 
Creased levels of prothrombin may be seen 1n 
the prothrombin G20210A mutation and 
leve] © of increased risk of thrombosis, thous 
Measured be in the upper limit of the normal 
» Pro; e With the one-stage clotting activity assay 
0 test ¢, mbin antigen and/or activity levels can- 
°r the presence of the mutation, however, 


the caus 


Genetic sequencing of the PROS? gene is available and results compared with documented mutations on the International 
Society of Thrombosis and Haemostasis (ISTH) registry. 


as these assays cannot distinguish high normal factor II levels 
from those caused by the G20210A polymorphism. 

As with factor V Leiden, DNA testing for the G20210A 
polymorphism may be carried out with PCR methods using 
either site-specific allele amplification or RFLP. The muta- 
tion may also be tested with FRET technology on the Invader® 
system. 


Tests for the Evaluation of Lupus 
Anticoagulants 

Lupus anticoagulants are acquired antibodies that are di 

at phospholipid-protein complexes. Lupus anti si 
fer from naturally occurring inhibitors such as — ite. 
x-macroglobulin, «,-antitrypsin, and Cl meses 
be differentiated from anticoagulants such as b ‘a anchanat 
marin analogues. Most lupus anticoagulants are inhibitors or 
autoantibodies of the IgG class whose inhibitory effects 

strate specific activity against phospholipid-protein pata i 
(such as B2GPI or the prothrombin complex). 

Some lupus anticoagulants that have been detected thus far 
have been encountered in patients with the following condi- 
tions: hemophilia A (factor VIII deficiency), Ct _— 
ease (factor IX deficiency), DIC, pregnancy, systemic lupus 
erythematosus (SLE), plasma cell dyscrasias, W, 
macroglobulinemia, and advanced age. Jenstrom 

Since lupus anticoagulants (LAs) are antibodies (IgG, ten. 
IgA, or a combination) directed against phospholipid. . 


OOOO 
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complexes, they may prolong in vitro phospholipid-dependent 
coagulation tests. First recognized in patients with SLE, 
LAs have been identified in a variety of disorders including 
malignancies, infections, and autoimmune disorders, as well 
as after drug therapy. The presence of an LA is usually not 
associated with a bleeding problem unless accompanied by 
thrombocytopenia, factor II deficiency, platelet dysfunction, 
or drug administration (e.g., aspirin). The LA, however, has 
been identified as a risk factor for venous and arterial throm- 
bosis and recurrent spontaneous abortions.*! 

The laboratory diagnosis of a lupus inhibitor is critical in 
terms of distinguishing it from other specific factor inhibitors 
and to identify patients at potential risk for thrombotic prob- 
lems. The Systemic Lupus International Collaborating Clinics 
(SLICC) 2012 has defined the following criteria to make a 
diagnosis of a lupus anticoagulant.*! 

Diagnosis of SLE is complex and involves correlation of a 
total of at least four laboratory and clinical criteria. The labo- 
ratory testing is listed as follows: 


. Positive ANA 

. Positive anti-dsDNA (except ELISA) on = 2 occasions 

. Anti-Sm 

. Antiphospholipid antibody (including lupus anticoagulant, 
false positive RPR, anticardiolipin, antibeta2glycoprotein!) 

. Low complement (C3, C4, or CHS0) 

. Direct Coombs’ test in the absence of hemolytic anemia 

7. LAs must be carefully distinguished from other coag- 

ulopathies that may give similar laboratory results or 

may occur concurrently with LAs. The clinical history 

may be helpful in differentiating LAs from these other 

possibilities. 


PWN 


nn 


etc). The platelet neutralization procedure (PNP) is based on the ability of fractured platelets to absorb LA in vitro and 
correct abnormal clotting times.” The disrupted platelet membranes present in the freeze-thawed platelet suspension 
neutralize phospholipid antibodies present in the plasma of patients with LA. After the patient plasma is mixed with the 
freeze-thawed platelet suspension, the aPTT will be shortened compared with the original baseline aPTT. 


Suspicion of an LA is most often aroused by an unex- 
plained prolongation of the APTT that is not corrected by 
the addition of an equal volume of normal plasma. It should 
be noted that the time-dependent inhibition, which is usually 
considered an indicator of factor VIII inhibitors, has been 
seen with LAs, as well as factor V inhibitors. Confirmatory 
tests to identify an LA include those that utilize a low concen- 
tration of phospholipid in the test system, thereby increasing 
the LA effect such as the tissue thromboplastin inhibition 
test (TTIT), dilute Russell’s viper venom time (dRVVT), 
and the kaolin clotting time (KCT), or those that increase 
the phospholipid, thereby neutralizing the LA effect, such as 
the platelet neutralization procedure. Another type of con- 
firmatory test depends on the presence of hexagonal phase 
phospholipids and can also be used. It is important to note 
that the confirmatory test selected should correspond to the 
screening test that is abnormal. For example, if the APTT is 
abnormal, the platelet neutralization procedure would be a 
logical confirmatory test. 


Confirmatory Tests for Lupus 
Anticoagulants 


There are several confirmatory tests for the LA, including 
platelet neutralization procedure, hexagonal phospholipid 
neutralization assay, anti-B2GPI assay, anticardiolipin assay, 
KCT, tissue thromboplastin inhibition test, and dRVVT. The 
first four are described in this section. 


Method 33-23: Platelet Neutralization Procedure 
This assay is used in conjunction with other coagulation tests 
in determining the presence of a lupus anticoagulant. 


(aPTT, DRVVT, 


for LA 


Sodium citrate anticoagulated plasma and washed freeze, thawed platelets 
See the required equipment and steps for this procedure at www.fadavis.com 


A correction of the baseline aPTT of a defined amount of time (i.e., 3 to 5 seconds or more) by the platelet suspension 
compared with the control is indicative of the presence of an LA. 


Heparin can cause a false-positive PNP. FV deficiency or inhibitors may produce a false-positive PNP interpretation. The 
presence of other coagulopathies must be eliminated through other coagulation tests. Coagulation assays that have 
phospholipid-dependent reaction are affected by the presence of residual platelets in platelet-poor plasma, Because LAs 
are directed against phospholipids, the relative concentration of any platelet phospholipid contained in the sample affects 


Determine the difference between the initial aPTT and the aPTT performed when mixed with fractured platelets added. 


the sensitivity of the assay for detection of the LA. 
Formulas 
Reporting Results Reported in seconds 
Reference Ranges 


>3 to 5 seconds difference between aPTT analysis means LA present; no change in aPTT results is considered negative 


The PNP should be considered when the aPTT is increased and not corrected in mixing studies. 


| Phospholipid Neutralization Assay 
age a phospholipid neutralization assay uses the 

“hexagor® as the PNP assay, normalization of the aPTT 

ne of added phospholipid, but this assay spe- 
the pres > phospholipid in a hexagonal conformation. 
cally Dato by this hexagonal form in an assay with a very 

t = lant sensitive aPTT reagent is a more sensitive 
s-an Hon test than the PNP. ; 

Pa, en collection, centrifugation, and processing are crit- 
phen testing for the presence of an LA. LAs demonstrate 
“cderable heterogeneity and show variable differences in 

‘ ity and responsiveness of the reagent. This makes the 
4 and interpretation of an appropriate confirmatory test 
g. Despite differences in testing methodology and 
ats currently available, most of these anticoagulants can 
Jetected and identified in the routine laboratory setting. 


pholipid Antibody Assays 
a-2 glycoprotein I (anti-B2 GPI) and anticardiolipin 
es (ACAs) are antiphospholipid immunoglobulins that 
IgG, IgM, IgA, or a combination. Antiphospholipid anti- 
lies are a heterogeneous group of autoantibodies including 
LA, beta-2 glycoprotein-1 (B2GP-1), antiprothrombin, 
_antiphosphatidylserine (APTS). Some patients with ele- 
vated anti-B2GPI and/or ACAs have been reported to also have 
LA. Several studies have shown that patients with the LA 
the closely related anti-82GPI/ACA are prone to recur- 
venous and arterial thrombosis, recurrent spontaneous 
lions, and thrombocytopenia.‘! This tendency has been 
eribed as the antiphospholipid syndrome (APS). The crite- 
i ing this syndrome are divided into clinical and 
froups. APS is present if at least one of the clinical 
4and one of the laboratory criteria that follow are met: 


ection 


cal Criteria: vascular thrombosis or pregnancy 
b idity 
Ory criteria: 


‘ Pus anticoagulant present in plasma on two or more 
©Ccasions at | 


-1 antibody, IgG, or IgM present on two or 
tons at least 12 weeks apart. 
POSitive labor 


alory criteria and the clinical crite- 

Ba oot within Cai to 5 years of each other.“! 
aNtibogie <® 4re available for measuring Antiphospho- 
eed anti Such as ACA, anti-B2GP-1, antiphosphatidy! 

Pho et cargs othFombin antibodies. The commercial kits 
ici, ids as an 'N Or a mixture of negatively charged phos- 
°F the kit,  *MUgens depending on the desired spec- 


Ci 


S, ,°° fibrj, 2 thrombin, fibrinogen is cleaved (0 
“hich . ™Onomers. These monomers form poly- 
‘abilized by factor XIII, forming covalest 
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Cross-linkages in the D domain to produce an insoluble fibrin 
Clot. Plasmin, a potent clot-lysing enzyme, attacks fibrin clots 
4s well as fibrinogen in the body. Unlike the action of plasmin 
On fibrinogen, which produces FDPS, its action on the fibrin 
Clot leads to the generation of cross-linked fibnin contammsz 
D-dimer, D-dimer assays may be performed using an ELISA 
method or a latex-agglutination immunoassay technique that 
is automated. The latex particles provided in the D-dimer LIA 
test are coated with antihuman D-dimer monoclonal antibod- 
ies. When plasma containing D-dimer is added to the latex 
reagent, the latex particles agglutinate, resulting im a change 
in OD that is monitored at 570 nm. There are two commonly 
used reporting units for D-dimer: fibrinogen equivalent units 
(FEU) or D-dimer units, where 1 D-dimer unit equals 2 FEU. 
Normal D-dimer levels in plasma are less than 250 ng/ml. 
D-dimer units (0.5 meg/mL FEU). 

One of the most important aspects of this assay is its neg- 
ative predictive value when ruling out venous thromboembo- 
lism. When used in an emergency department and when the 
patient evaluation includes a pretest probability screening by 
the clinician, the D-dimer assay with an appropriate cut-off 
value of <500 mcg FEU/| had a negative predictive value for 
a venous thromboembolism at 96% over imaging (lung scan 
and duplex ultrasonography).” An elevated D-dimer level 
may be seen in clinical situations where active thrombosis is 
occurring, such as DIC, deep vein thrombosis, and pulmonary 
embolism. 

The advantage of the D-dimer assay over the FDP assay is 
that there is no interference from fibrinogen, so the test can 
be run on citrated plasma without necessitating collection 
in a special tube. It has limited usefulness, however, in the 
evaluation of primary fibrinolysis because it will detect only 
breakdown products from cross-linked fibrin and not those 
from fibrinogen. Other laboratory tests that may be useful in 
evaluation of the fibrinolytic system include fibrin monomers, 
ethanol gelation test, protamine sulphate test, and euglobulin 
lysis time. 

Method 33-24: Euglobulin Lysis Time 

The euglobulin lysis time (ELT) test is a global screening 
assay that evaluates the fibrinolytic system function by mea- 
suring the time it takes for an in vitro clot to dissolve in the 
absence of plasmin inhibitors. There is no agreement concem- 
ing the “gold standard” for fibrinolytic assessment.“ 

Method 33-25: Fibrin Degradation Products: 

Latex Agglutination Method 

Plasmin proteolytically cleaves fibrin(ogen) inte fragments X 
and Y, known as early degradation products, and fragments D 
and E, known as late degradation products. These FDPs share 
antigenic determinants with both fibrin and fibrinogen, thus 
allowing for detection by immunological methods using anti 
sera to highly purified preparations of human frag- 
ments D and E, Measurement of FDPs provides an indirect 
assessment of fibrinolysis. 

Generally, elevated levels of FDPs are associated wish 
thrombotic episodes such as myocardial infarction, pulmo. 
nary emboli, and deep vein thrombosis, as welll as with certain 
complications of pregnancy 


OO 
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METHOD 33-24 Euglobulin Lysis Time 


A sample of citrated plasma is processed to separate the euglobulin fraction of proteins, with acid precipitation and then 
dissolution in saline. The precipitate contains fibrinogen, plasminogen, and plasminogen activators but no plasmin inhib- 
itors such as alpha-2-antiplasmin and alpha-2-macroglobulin. Calcium chloride is added to the redissolved precipitate to 
form a clot. The time required for the intrinsic plasmin to lyse the fibrin clot equates to the euglobulin lysis time. 


The lysis time is defined as the time from the clot dissolution curve, corrected for the patient blank OD. 


Sodium citrate anticoagulated plasma 
See the required equipment and steps for this procedure at www.fadavis.com 


A shortened ELT indicates increased fibrinolytic potential in the patient, and conversely a prolonged ELT is indicative of 
decreased fibrinolytic potential. 

<60 minutes represents hyperfibrinolysis. 

>240 minutes indicates hypofibrinolysis. 


The diagnostic potential of euglobulin lysis time is limited by the extreme variation in lysis times among healthy individ- 
uals. Both hypofibrinogenemia and factor XIII deficiency may result in a shortened lysis time. In the case of hypofibrino- 
genemia, the shortened time is due to the decreased amount of fibrin to be lysed. In factor XIII deficiency, the clot is not 
stabilized by covalent cross-linking of fibers and can be readily lysed by plasmin. 


Traumatic venipuncture, prolonged stasis, incorrect sample preparation, and elevated fibrinogen levels may invalidate test 
results. 


Reported in minutes 


90 to 240 minutes 


This assay may be read manually or via microtiter wells that are monitored at an OD of 405 nm as the clot lyses.@ 


AThromboelastogram often serves to monitor fibrinolysis and is a considerably more rapid test to perform than the 
Euglobulin Lysis Time. 


METHOD 33-25 Fibrin Degradation Products: Latex Agglutination Method 


Principle The latex agglutination method is a direct agglutination slide test for the detection and semiquantitation of FDPs. Latex 
particles in glycine buffer are coated with specific antibodies to human fibrinogen fragments D and E. The presence of FOPs 
in either serum or urine will cause the latex particles to clump, yielding macroscopic agglutination. An approximate con- 
centration of FDPs in the sample can be determined by testing the sample at different dilutions. Thrombin is initially added 
to the patient sample to ensure complete clotting and total removal of fibrinogen. The addition of proteolytic inhibitor, 
soybean trypsin, prevents in vitro activation of the fibrinolytic system. 


presence of FDPs in a final concentration greater than 10 mcg/mL. The presence of agglutination in position 2 indicates 
the presence of FDPs in a final concentration of greater than 40 mcg/mL. For the test to be valid, if agglutination is present 
in position 2, it must also be present in position 1 on the slide, Agglutination in tube | anc \ack of agglutination in tube 2 

indicate FDPs greater than 10 mcg/mL but less than 40 mcg/mL. 


s with sera from patients with rheumatoid 


Reported as semiquantitative mcg/mL 


Reference Ranges The mean normal level of serum is 4.9 + 2.8 mcg FOPs per milliliter. 


The normal value may be elevated during exercise and stress. 


The assay is of value in the differential diagnosis of The detection of FDPs is of significant clinical value 12 
patients with specific types of kidney diseases. Quantitation assessing patients with DIC. A positive test result, accomps- 
of urine FDP levels provides a useful clinical means of mon- _ nied by an elevated PT and aPTT and a decrease in platelet 
itoring glomerulonephritis and kidney rejection following _count and possibly fibrinogen concentration, is suggestive 
transplantation. of DIC, 
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Coagulation Activation 
pin Generation 


f tion can be a life-threatening situation and 
post 0 . : tive to reduce patient morbidity and mor- 
agnosis ty clinical presentation and a D-dimer test can 


Je out thrombosis but cannot be used to confirm 

ech strives to identify biomarkers specific to clot 
an for definitive diagnostic information. New assays 

BON, molecular markers have been identified and may 

~. cpecific and pertinent data for early diagnosis and 
~ment of coagulation disorders.“ 

. » thrombin becomes biologically available, there is 

on of biochemical markers in the blood. Identifi- 

of biomarkers provides the opportunity for early and 

detection of a thrombotic event in various clinical 

ations. These markers of coagulation activation can be 

ad in three diagnostic applications: 

sis of spontaneous thrombosis 

sis and follow-up of thrombotic disease 

toring of anticoagulant therapy 


ir Bp co 


in 
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normal conditions, all individuals produce measur- 
tities of molecular markers of coagulation activation; 
significantly increased levels have been observed 
sons with deep venous thrombosis, pulmonary emboli, 
d other thrombotic abnormalities. Because of their 
IF-lives, activation peptides demonstrate blood activa- 
as long as the thrombotic process is ongoing. 

teas ction and quantification of molecular biomarkers 
advantages compared with the conventional 
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bleeding time is a screening procedure used to 

10 Vivo platelet function. 

et aggregation studies measure the platelets’ 

to adhere to cach other and release endogenous 


Activated partial thromboplastin time (aPTT) is @ 

Ng test used to evaluate the intrinsic pathway of 

“ton, which measures all the plasma coagulation 

With the exception of factors VII and XIU. 
ced irombin time (PT) is a valuable screening 
Used to indicate possible factor deficiencies 

1c pathway. 
: ofthe 1S Sensitive to the vitamin K-dependent fac 

Athy ay oh pathway (factor VID) and poner 

tori “Sctors II and X) and is used as & means © 

e PT x °ral anticoagulant therapy: 


- Pations, “ticiency) or involving ™ 
With acquired deficiencies such 
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Coagulation tests. First, molecular markers are specific 
indicators of the activation of coagulation and fibrinolysis 
Whereas conventional assays measure deficiencies of the 
clotting mechanism. In addition, markers are ultrasensitive 
bs are able to detect minute changes in the components of 

emostasis. Nonetheless it should be noted that limitations 
to biomarker detection exist in the inability to evaluate all 
Components of the clotting process to fully evaluate the true 
biological process that is occurring. A multifaceted approach 
encompassing the clinical presentation, the components 
involved, and the biomarkers present is advised to accurately 
diagnose a thrombotic event. 

Prothrombin fragment 1 + 2 (PFI + 2), thrombin- 
antithrombin complex (TAT), and fibrinopeptide A are current 
markers that can be measured to determine the generation of 
thrombin. Markers observed in abnormal levels in cardio- 
vascular patients are under investigation for correlation for 
thrombosis.“ ELISA assays are currently available to test for 
these thrombotic markers. 

Global thrombin generation assays that use either a chro- 
mogenic or fluorometric method and measure the lag time to 
thrombin generation, the rate of thrombin formation, and the 
total amount of thrombin generated are in development and on 
the horizon for the clinical laboratory. 


cece eee OOO A LNRM 
CRITICAL THINKING QUESTION 
33-3 Which coagulation tests should be included when 
assessing a patient for potential DIC? 


disease, oral anticoagulant therapy or patients with 
vitamin K deficiency). 

The international normalized ratio (INR) is used to 
standardize prothrombin time results in patients receiv- 
ing oral anticoagulant therapy and should be reported 
along with the prothrombin time results. 


fibrinogen, dysfi . } 
culating anticoagulants (antithrombins) such as heparin 
and fibrin(ogen) degradation products (FDPs). 


ilase time is similar to the thrombin time in that 

, roe res the conversion of Bibrinogen to fibrin. The 
wrjantage of repuase time i that it is not affected By 
heparin. 

. It is the property 
is responsible for 
ence of ristoceti nj 

° The inition of trounbin by antithrombin is greatly 
accelerated by heparia. 


of the factor VIIL-v WF complex that 
agglutination of platelets in the pres- 


Contunmead 


=e 
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SUMMARY CHART—cont'd 


e Functional antithrombin (activity) is measured by chro- 
mogenic assays. Immunological antithrombin (antigen) 
is measured via Laurell rocket, radial immunodiffusion, 
or latex immunoassay techniques. 

¢ Anumber of acquired antithrombin deficiencies have 
been described, including disseminated intravascular 
coagulation (DIC), nephrotic syndrome, and liver 
diseases; deficiencies may also occur with oral contra- 
ceptive use, post-surgically, and following prolonged 
heparin therapy. 

« Protein C is a vitamin K—dependent serine protease that 
functions as a major regulatory protein in the control of 
coagulation. Activated protein C is a potent anticoagu- 
lant that acts by proteolytically inactivating factors Va 
and Villa. Protein C deficiency has been described as a 
risk factor in thromboembolic disease. 

« Activated protein C resistance (APC-R), which is most 
commonly the result of a mutation in the factor V gene, 
is known as factor V Leiden. This mutation makes the 
factor V molecule resistant to the proteolytic activity 
of activated protein C, thereby negating its regulatory 
effect on thrombin generation and increasing the 
potential for the development of thromboses. 

e Protein C activity can be measured with chromogenic 
or clot-based assays. Protein C antigen is usually 
measured by enzyme-linked immunosorbent assay 
(ELISA) techniques. 

e Protein S is a cofactor in the protein C pathway. It is 
a vitamin K—dependent factor, and is necessary in the 
reaction in which factors Va and VIIla are inactivated 
by protein C. 


Circulating anticoagulants may be detected by 
abnormalities in the PT or aPTT, or both, and may 
be caused by either specific factor inhibitors such 

as factor VIII antibodies, or nonspecific, such as the 
lupus anticoagulant. 

Lupus anticoagulants (LAs) are antibodies (IgG, IgM. 
IgA, or a combination) directed against phospholipids, 
thereby prolonging in vitro phospholipid-dependent 
coagulation tests. First recognized in patients with 
systemic lupus erythematosus (SLE), LAs have been 
identified in a variety of disorders, including malignan- 
cies, infections, and autoimmune disorders, as well as 
after drug therapy. 

There are several confirmatory tests for LAs, including 
platelet neutralization procedure, hexagonal phospho- 
lipid assay, anti-B2GPI, anticardiolipin assay, kaolin 
clotting time, tissue thromboplastin inhibition test, and 
dilute Russell’s viper venom test. 


Fibrinolysis can be evaluated by measuring D-dimer, or 
FDPs. The quantitative D-dimer is useful in its negative 
predictive value for ruling out DVT and PE. The FDP 
assay measures both fibrin and fibrinogen breakdown 
products, whereas the D-dimer measures only fibrin 
breakdown products that have been cross-linked in a 
fibrin clot. 

Prothrombin fragment | + 2 (PF1 + 2) and thrombin- 
antithrombin complex (TAT) are molecular markers 
that can be measured to determine the generation of 
thrombin. 

TEG is a point of care platform ¢! 
time and rate, clot strength, a 


t can assess clotting 


brinolysis. 


CT =3=—hl(it 


ANSWERS 


A 29-year-old woman with a history of three spontaneous 

abortions is seen in a reproductive clinic where blood is 

collected, and the following screening results obtained: 

PT = 12.0 sec (reference range 10.0-13.0) 

aPTT = 45 sec (reference range 26-35) 

Thrombin time = 15 sec (reference range 13~18) 
Because of the prolonged aPTT, further testing is 


performed: 
1:] mix with normal pooled plasma = 42 sec 


1. 


. When the patient's plasms 


The patient’s aPTT is prolonged. while the PT and 
fibrinogen activity are norma! An sbnormal aPTT 
can be caused by either a deficiency of one of the i 
trinsic pathway factors or ar inhibitor to the clotting 
reaction, 

mixed with an equal 
volume of norma! pooled plasma, the aPTT short 
ened by only 3 seconds, whieh is not a corrector. 


1:1 anix with saline = 53 sec The plasma mixed with saline prolongs only slight- 
Nomsal pooled plasms control =30 sec ly. The lack of correction ieads one to think that 
QUESTIONS an inhibitor may be present, because if this were * 
1, Based on the patient’s PT and aPTT results, what could factor deficiency, the aPTT would have © a 
be a possible hemostasis abnormality? when mixed with normal pooled plasma. The ™ 


2. Because the patient's aPTT did not correct during the 
mixing study, what are possible conclusions? 

3. What confirmatory tests could be run to diagnosis this 
patient? 


common circulating inhibitor are }upus eons 2 
lants, which align with the patient's history 45" 
have a strong clinical correlation to spon 


— 


Ase STUDY 331—comd 
the presence of a nonfactor-specific inhibi- 
5, Te om as VT, hexagonal phospholipid neutralization 
tof, oA anti-B2GPI antibodies were performed: 

assay screen = 50 sec (reference range 25-35) 
confirm = 25 sec; DRVVT ratio = 2.0 (reference 
<}.2) 

phospholipid neutralization = 30 secs (refer- 


ence range <8 sec) 


» and pain in the left leg for the past 3 days. An 
ind evaluation was done and showed the presence 
deep vein thrombosis in the left leg. The patient was 

tely started on unfractionated heparin therapy with 


Frotein S activity = 45% (60%—140%) 
C activity = 52% (60%—140%) 
resistance ratio = 3.0) (<2.4) 


c. : is = 58% (70%—130%) 


might this patient's PT and aPTT be prolonged? 
lin the decreased AT activity. A 
ire these results diac: stic of a hereditary thrombophilic 


collected in relationship to 
2nd administration of therapeutic 


S 
© Phases wured by a PFA-100? 
b. hg Rumber — 
. = function 
Sic : 
a Fibrinotyen extrinsic coagulation systems 
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Anti-B2GPI IgG = 45 units (<21), IgM = 34 units (<21). 
IgA = 24 units (<21) 

These results are consistent with the presence of an 
antiphospholipid antibody. The patient was started on low 
molecular weight heparin therapy as soon as her next preg- 
Bt tod consid gerber age ate 

ant. 


and protein C are decreased likely due to consumption 
of these proteins during an acute thrombotic event and 
perhaps secondarily to the early effects of administra- 
tion of warfarin. 

2. The antithrombin activity is decreased. This protein is 
also consumed during an acute thrombotic event and is 
decreased in vivo with heparin administration. 

3. Though not always possible, the ideal time to test a 
patient for risk factors for hereditary thrombophilia is 
when they are asymptomatic and on no anticoagulant 
therapy. In addition, testing family members of the pa- 
tient may aid in determining a hereditary defect when it 
is not possible to accurately test a symptomatic patient. 


FOLLOW-UP: 

Seven months after discharge, the patient returned for addi- 
tional testing. He had been off warfarin for | month and 
symptom-free since discharge. The results of this sample 
were: 

aPTT = 26.0 sec 

PT =12.0sec 

Protein S activity = 85% 


2. Which platelet aggregation result would be <b weracteristic 
for patients with Bernard-Soulber syndrome 

a. Incomplete aggreganon wun ADP 

b. Primary wave of agereganon oa response to collagen 
c. Abnonnal nstoceun-induced platelet agz 


. 
; Primary wave of aggreganoa with epencphrine 
. é 
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REVIEW QUESTIONS—cont'd 


3. Which test measures the extrinsic pathway of coagu- 
lation, measures factor deficiencies, and monitors oral 
anticoagulation therapy? 

a. Activated partial thromboplastin time 

b. Prothrombin time 

c. Quantitative factor assay 

d. Stypven time test (Russell’s viper venom time test) 


4. Which test is prolonged in hypofibrinogenemia and 
affected by the levels of fibrinogen and dysfibrinogen- 
emia, as well as the presence of heparin? 

a. Thrombin time 
b. Prothrombin time 
c. Reptilase time 

d. Fibrinogen 


5. Which of the following conditions would show a 
short clotting time, indicating high fibrinogen levels? 
a. DIC 
b. Liver disease 
c. Pregnancy 
d. Fibrinolysis 
6. Which condition would most likely show a decrease in 
factor VIII activity? 
a. Hemophilia B 
b. Liver disease 
c. Myeloproliferative syndrome 
d. von Willebrand’s disease 


7. Which aPTT result would indicate the presence of a 
strong circulating inhibitor? 
a. aPTT not corrected by the addition of normal plasma 
b. Normal aPTT that prolongs upon incubation at 37°C 
c. aPTT corrected by the addition of normal plasma 
d. Any of the above results 


8. Which of the following are criteria for the laboratory 
detection of lupus anticoagulants? 
a. Prolonged aPTT 
b. No correction of aPTT after platelet neutralization 
procedure 
c. Correction of aPTT after mixing studies 
d. Negative ANA 


9. Using the test to measure D-dimer, which test results 
would be indicative of a patient having DIC? (Assume 
the fibrinogen concentration is indicative of DIC.) 

a. D-dimer test result of 800 ng/mL of D-dimer units; 
increased PT and aPTT; decreased platelet count 

b. D-dimer test result of 800 ng/mL of D-dimer units; 
decreased PT and aPTT; increased platelet count 

c. D-dimer test result of 230 ng/mL; increased PT, 
decreased aPTT; decreased platelet count 

d. D-dimer test result of 230 ng/mL; decreased PT, 
increased aPTT; increased platelet count 


10. Which of the following is a variable of the PFA-100 
test? 
a. Artery thickness 
b. Puncture width 
c. Temperature 
d. Procedural standardization 


11. Which statement is true of the PT and aPTT? 

a. Together they assess all the factors in the coagula- 
tion system. 

b. They are diagnostic tests for factor deficiency. 

c. Neither are impacted by the administration of 
anticoagulant therapy. 

d. Both provide excellent screening assays for factor 
deficiencies, the presence of inhibitors, and as 
monitoring assays for anticoagulant therapy. 


12. Which factor assay utilizes the PT as its base 
testing mechanism? 
a. Factor V 
b. Factor VIII 
c. Factor IX 
d. Factor XII 


13. The most common specific factor inhibitor is often 
present in patients who are: 
a. Elderly 
b. Hemophilic 
c. Diagnosed with lupus erythematosus 
d. Having spontaneous abortions 


14. Which molecule functions in platelet adhesion and 
aggregation as a binding site for multiple coagulation 
components? 

a. Protein C 

b. Protein S 

c. VWF 

d. Antithrombin 


15. Which of the following is a quar 
Willebrand’s disease? 
a. VWF:Ag 
b. vWF:RCo 
c. VWF:Co 
d. von Willebrand factor multimer assay 


ative test for von 


16. APC resistance is determined by testing for the 
presence of: 
a. Antithrombin (AT-III) 
b. Prothrombin G20210A mutation 
c. FDPs 
d. Factor V Leiden mutation (A506G) 


r pevIEW QUESTIONS—cont'd 

4 Significantly increased quantiti 

es of ‘ 
ation molecular markers can tains ae 


qd. Von Willebrand’s disease 


Which term describes an instrument that can main- 

tain a constant temperature and has an automatically 
initiated timing device, but requires all reagents and 
samples to be delivered manually? 

a. Fully automated 

b, Semiautomated 

Manual method 

The tilt-tube method 
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Applications of Flow Cytometry 
to Hematopathology 


Christine Hammett, MAEd MLS(ASCP)Scy™ . Donna M. Gandour, PhD (Retired) 


CHAPTER OUTLINE 


Basic Concepts of Flow Applications of Flow Cytometry 
Cytometry Lymphocyte Subset Analysis and CD4 
Threshold T-Cell Enumeration 


Detection of Paroxysmal Nocturnal 
Hemoglobinuria 


Residual White Blood Cell Enumeration 
Photodetectors Leukemia and Lymphoma Detection of Fetomaternal 
Amplification Immunophenotyping Hemorrhage 

Fluorescence Compensation Leukemia and Lymphoma DNA Bead-Based Assays for Soluble Factors 
Flow Cytometric Analysis Content Analysis Summary Chart 

Sample Preparation Hematopoietic Progenitor Cell Case Study 34-1 

Cytometer Operation Enumeration Review Questions 

Data Analysis Flow Crossmatching References 
LEARNING OBJECTIVES 
At the end of this chapter, the learner should be able to: 34-3 Assess the basic Principles of flow cytometer oper- 


341 Analyze the role of light scatter in flow cytometry. 


34-2 Describe the steps included in the sample prepara- 
tion for flow cytometry testing. 


Flow cytometry is a rapidly advancing technology that pro- 


Vides measurements metry) of physical characteristics of 
cells (cyto-) Suspended in a moving fluid stream (flow). These 
Measurements are made on a per-cell basis at rates of up to 
10,000 cells Per second. Hecause most hematologic tissues are 


fasily Prepared as ce}! 
for flow cytomety 
‘ometry has been aides 
Variety Of monoclonal .. 
Mark cel] lineages by d 
ins and can thereby ¢ 
“Dtiation, as well as n 
Properties Of clinical 


ispensions, they are excellent candi- 
alysis. The popularity of flow cy- 

© increasing availability of a large 
odies. These antibodies are used to 
cell surface and intracellular pro- 

ne cell lineage, identify cell differ- 

ell activation and other biological 
esearch-related significance. Inno- 


ty has Produced ey naller and increasingly user-friend- 
“Enchtop models cytometers, which are becoming 
Mainstream in larger laboratory facilities. This chapter presents 
reas Pipe “4 of flow cy metry and focuses on applications 
© clinical hemato ogy and hematopathology. 
Bac: 
Roy «Concepts of Flow Cytometry 
0 


and » Meters Consist of three systems —the fluidies, apiict, 

“ctronics— in addition to a computer. The fluidies con 
“amy Pressurized air and saline sheath fluid that together 
into the cytometer, through the flow cell, and 


ation, including Preparing samples, Operating the 
instrument, data analysis, and result interpretation. 


34-4 Evaluate the methods of flow cytometer data analysis. 


then to waste (Fig. 34-1). The sample flow rate and the cell 
concentration are adjusted so that, while in the flow cell, each 
cell passes through a laser beam, one at a time. For this, the 
flow cytometer uses a method called hydrodynamic focus- 
ing. The faster moving sheath fluid envelops the Sample cell 
Suspension and guides its Particles single file through the nar- 
row flow cell. If the pressure of the sample flow is increased, 
it is possible that more than one cell passes the interrogation 
point at a time, creating so-called coincident events that lead 
to false data. As a cell passes through the laser beam, multiple 
characteristics (parameters) are measured rapidly and simulta- 
neously. The parameters measured are forward-scattered laser 
light (FSC), side-scattered laser light (SSC), and for clinical 
cytometers, multiple colors of fluorescent light. A four- 
cytometer is depicted in Figure 34-] with each detecto 
ignated FL1 through FL4 to denote each of the detectab] 
ors. Flow cytometers may also use the fluorochrome na 
the detector name (e.g., FITC detector, PE detector). 
FSC and SSC parameters are based on the physical char- 
acteristics of a cell. The larger the cell, the greater the FSC 
signal, and the more internal complexity or granularity, the 
greater the SSC signal. The number of colors measured 
depends on the staining reagents used and w hether or hot the 
cell bound any reagents. The standard laser used in clinical 
systems is a 488-nm blue argon ion laser: therefore, the dyes 
" 803 


color 
r des- 
e col- 
me as 
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Lasers 


Air Pressure 


Sheath Fluid 


FIGURE 34-1 Schematic of cell analysis 
using a two-laser flow cytometer. 


used must absorb or excite at this wavelength to produce fluo- 
rescent light. The dual laser system in Figure 34-1 includes a 
635-nm red diode laser. Adding lasers expands the repertoire 
of fluorescent dyes that can be used, Research models typi- 
cally have more laser options and are also capable of phys- 
ically sorting out populations of interest for further studies. 

As signals are emitted from the cell, the optical system 
separates and routes the different colored light to the appro- 
priate photodetectors using strategically placed optical fil- 
ters and mirrors. These mirrors and filters transmit, reflect, 
absorb, or block specific wavelengths of light. A dedicated 
photodetector measures the signal intensity for its respective 
parameter. In Figure 34-1, the optical system is set up to 
detect green (515 to 545 nm) signal in FL1/FITC, orange 
(564 to 606 nm) signal in FL2/PE, and two shades of red 
signals, one (greater than 670 nm) in FL3/PerCP and other 
(653 to 669 nm) in FL4/APC. 


Analog Signals 


Green Granularity 


Size 


Collection 
— 


i 


Lo \yiow Cell 


Es 


Sample 


ea BE oh i? 


Threshold 


Measurements are not made erticle that passes through 


the laser beam. For @ particle to be recognized by the system, It 
must first register above the threahuld, The threshold parameter 
is used to limit what i yzed by the cytometer. For exam 
ple, if a sample contained numerous small particles (debris) 


the operator could eliminate them from the analysis by setting 2 
threshold limit on size. In this instance, the cytometer assigns 4 
particle an event number and displays tts corresponding para 
eter values only if the particle’s FSC signal ts above the thresh- 
old limit, This ensures that the data will reflect measurements & 

cells rather than debris. Different applications utilize different 
threshold parameters and settings. For example, in leukocy*® 
analysis assays, it is useful to add CD45-PerCP (a parle 7 
cyte marker) to each sample and threshold on FL3/PerCP. Un : 

these conditions, data are only collected on leukocytes aod 
red-cell stroma and platelets are not “seen” by the cy tomels 


———S 


— 


The caveat here is to avoid setting the threshold ‘oo high because fluorochrome that is attached. In the example of PE-CY7, 
this may exclude a portion of the population of interest, PE is the donor fluorochrome that excites the CY7 receiver 
photodetectors fluorochrome. In principle, in compensation a sample stained 
photodetectors convert the light signals into electrical signals with only one fluorochrome is run and then adjustments ae 
called pulses. In Figure 34-1, the pulse shown for each param- made so that the signal from the fluorochrome is only Soap 

eter represents the signal intensity as the cell passes through by its corresponding detector. This process is repeated for 
the laser beam. The stronger the signal becomes, the higher the each fluorochrome used in the assay. Details x how these 
pulse. Electronic components measure the height of each pulse adjustments are made can be found elsewhere.'? Due to the 


and eventually convert this information to a digital number, complexity of compensating for increasingly high numbers 
The sensitivity of a detector can be increased by increas- of fluorochromes, the current generation of cytometers apply 


ing its voltage. For example, the amount of voltage applied compensation mathematically to the digitized data through 
to the FL1/FITC detector depends on the sample. If the FITC the software. Regardless of how compensation is performed, 
signal is weak, as with a dimly staining population, the volt- it must be set properly to ensure that the correct information is 
age must be increased to detect the population. If the si gnal is reported for each parameter. Methods for adjusting and check- 
very bright and off scale, the voltage must be lowered. During ing compensation are provided by the exigoiess manufactur- 
optimization, the operator ensures that both bright and dim  °"S and are also available from other sources. 

populations are on scale. 
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Flow Cytometric Analysis 


Flow cytometric analysis can be broken down into four main 
tasks: preparing samples, operating the cytometer, analyzing 
data, and interpreting results. These tasks may be performed 
by one to four individuals, depending on the organization of 
the laboratory and the expertise of the personnel. In the case 
of high-complexity leukemia and lymphoma phenotyping, 
pais‘are pepivestod ef sgn bores ae een re the fourth task requires the expertise of a specialty ee 
pr micters Convert the digitized values ip logarithms mathe cian. The next sections present general information about the 
matically through the software. J tasks required to obtain flow cytometric results followed by 
Leukocyte immunophenotyping assays generally require the assay-specific information. 

fluorescence data to be viewed in log and the scatter data to 

be viewed in linear because cells can exhibit very dim to very Sample Preparation 

bright Staining, whereas cell size and granularity measurements Because flow cytometry measures cellular characteristics, it 
are confined to a smaller range. In contrast, for whole blood _ is important that the sample handling and Preparation meth- 


Amplification 

For samples in which the signal range can be greater than 
10-fold for a given parameter, logarithmic (log) amplification 
is used for that parameter. This allows that very bright and 
very dim signals can be displayed on the same scale.! Most 
cytometers use a four-decade log scale, meaning that the sig- 


analyses of platelets and erythrocytes, log amplification of FSC _ods preserve these characteristics. The cellular characteristics 
'S required to disting»/+h the two populations from one another. measured are surface area, granularity and internal complex- 
Fluor ; ity, and fluorescent colors. The fluorescent colors usually 
escence Compensation 2 result from reactions with staining reagents. Specimen collec- 
of ~ eet 4 we 2 AoW head anita ieee z: tion factors that can affect cellular characteristics include the 
- lengths afie »)-orbing laser light. The optica : anticoagulant, storage temperature, and specimen age. 
5 P ensure that th opriate wavelengths reach the correc! : ace aie 
“tector; however, ives such as PE, emit some green light, Specimen Co ection and Handling 
aad this is detected he PITC detector, Conversely, FITC Specimen collection requirements vary based on the appli- 
Emits a Tange of wave cnpths, some of which are detected by cation. For example, for enumeration of leukocyte subpop- 
the PR detector. Th, « waver into the “wrong” detectors also. ulations, blood and marrow are usually collected in K, or 
Cours with other dy S$ ; srescence compensation removes the  K,-ethylene diaminetetraacetic acid (EDTA), stored at room 
effect Of this spillove : . rat each detector reports only infor- temperature, and analyzed within 24 hours of collection. In 
is eqn the appropriate fluorescent dye, While compensation contrast, for assays oe function; sodium heparin is usually 
~ -Mmended as 9 dais . ch laboratory may conduct the anticoagulant of ¢ olen. Thus, itis important that each lab- 
their oun “8S 8 daily routine, each lab tion. oratory verify conditions for specimen stability for each type 
It Studies t investigate the stability of compensatic erie es 
© Up to P Beprible to stretch the time hares inert Lymphoid tissue specimens are also analyzed by flow cytom- 
Which ~<a ork, unless a change of antibody lots due toa etry. The tissue is harvested and placed in a sterile container 
4 change SB mpewed CAMpSOSAIGh; Conipe jnienh lled containing cold tissue culture medium. Next, it is disaggregated 
‘aide fea nPerative for antibodies conjugated apni into a single-cell suspension by gentle teasing with forceps, fol- 


~ a oresse ne SSarnela, Riot a Uae abep eyed lowed by filtration through a 50-micron (jm) mesh. If needed, 
cent j ; 2 ig sbi ' . 

e oF tem BF salensly over time dosh caters ee erythrocytes can be removed w ith lysing reagents such as 

“Tability fro; wi changes, they slso.siey ammonium chloride or via density gradients. Cell suspensions 
T, ™ lot to lot? pared lymphoid tissues should be processed quic 

SXcita ig dyes pe: osites of two fluorochromes. Light a oid ore by nonviable cells. =. — 

Sion fr OY th — Is in light emiss 9% used for blood, marrow, and by i 

0 fro, nh . flow cytometer laser resu tes the other gradient medium or OW, Ymphoid tissue 

4orochrome, which, in tur, exc! 


OO 
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is Ficoll-Hypaque. After a volume of blood or cell suspension 
is underlayered with the medium and centrifuged, erythrocytes, 
dead cells, and myeloid cells pellet to the bottom of the tube 
while viable mononuclear cells remain at the gradient/plasma 
interface. When using gradient methods, it is important to verify 
that populations of interest are not also being removed. 

Once the specimen is in single-cell suspension, aliquots 
are stained. Staining reagents provide additional information 
about a cell, and different reagents provide different pieces 
of information. For example, one reagent might bind in 
proportion to the amount of DNA present, whereas another 
might bind in proportion to the number of specific receptor 
sites present. Factors that can affect staining results include 
cell concentration of the aliquot, degree of saturation of cell 
receptors with stain, the temperature at which the staining is 
done, as well as the pH and tonicity of wash buffers. Accord- 
ingly, recommendations by the reagent manufacturers regard- 
ing staining conditions should be followed, and exposure of 
stained samples to direct light should be minimized. 


Staining With Fluorescent Dyes 

There are two approaches to staining cells. The first is to use 
special fluorescent dyes as staining reagents. These dyes have 
affinities for specific cell constituents. For example, propidium 
iodide (PI), 7-amino-actinomycin D (7AAD), and DRAQS bind 
to nucleic acids, while PKH-26 binds to membrane lipids. Some 
dyes, such as PI, require cell membrane permeabilization to 
reach its target, whereas other dyes, such as TAAD and DRAQS, 


staining can be observed only when excess dye is removed. A 
general staining scheme using fluorescent dyes is illustrated in 
Figure 34-2. Commonly used dyes are presented in Table 34-| 


Permeabilize Cells 
(If needed) 


Incubate with dye 


Wash off excess dye 


| 


can diffuse through the cell membrane. In addition, some dyes (if needed) 

are equilibrium dyes, meaning that staining is measurable only 

when the cell is suspended in the dye, whereas for other dyes —_ FIGURE 34-2 General staining scheme using fluorescent dyes. 
TABLE 34-1 Common Fluorescent Dyes and Fluorochromes Used in ClinicaliFiow Cytonie tty soe 
Application Target ease 5 kackation ‘emission (nm) 
DNA Content ie ae 
Propidium iodide (P1) Double-stranded (DS) nucleic acids ag 5, 630 i 

“T-Amino-actinomycinD(7-AAD) DNA 
Acridine orange (AO) DS nucleic acids { 0 
he spanifitonnee “an : : Single-stranded nucleic acids 30 
DRAGS 48 0 
Reticulocytes 2 
Thiazole orange (TO) RNA i Sigh 488 525 
Pyronin ¥ RNA 488 575 
Cell Physiology * 
Fluo-3: cell activation Ca?* 488 ved ere ~ 525 
SNARF-1: pH H' 488 575 
DCFH-DA: oxidative burst HO, 488 525 
Rhodamine 123: drug efflux Mitochondria 488 525 


PKH-26: proliferation Membrane lipids 
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TABLE 34-1 Common Fluorescent Dyes and Fluorochromes Used in Clinical Flow Cytometry—cont'd 


Application Target Excitation (nm) Emission (am) 


pore scein isothiocyanate (FITC) Antigen (via antibody linked to fluorochrome) 
phycoerythrin (PE) 
pE—Texas red (PE-TxR) Antigen (via antibody linked to fluorochrome) 
PE-ca rbocyanin-5 (PE-Cy5) 4 Antigen (via antibody linked to fluorochrome) 
Peridinin—chlorophyll—protein (PerCP) Antigen (via antibody linked to fluorochrome) 


Antigen (via antibody linked to fluorochrome) 


PerCP-Cy5.5 Antigen (via antibody linked to fluorochrome) 


PE-Cy7 Antigen (via antibody linked to fluorochrome) 


Allophycocyanin (APC) - Antigen (via antibody linked to fluorochrome) 


APC-Cy7 Antigen (via antibody linked to fluorochrome) 


Staining With Antibodies 


In the second approach, the staining reagents are antibodies r=) J 
that have been chemically linked or conjugated to fluorescent if: af: J k 
dyes known as fluorochromes. This staining approach is called (#) ° 
immunophenotyping. “Immuno-” refers to the use of anti- + Teh Dep 
bodies and “phenotyping” refers to characterizing an organism oe © 
or cell; therefore, immunophenotyping utilizes antibodies for ae 
characterizing cells. Only cells expressing the molecule or anti- re) 
8€n recognized by the antibody will be stained with the fluoro- @= 6 
chrome. The antigen may be on the cell surface or intracellular. te) 
Both polyclona! antibodies purified from antisera and baie 
Monoclonal antib: produced from cloned, immortalized 
B-cell cultures are for immunophenotyping. Generally, 
Monoclonal antib re preferred because they are homo- 
oe highly s; and well characterized. As shown in 
le 34~] , Several ~ lors of fluorochromes are available for Lyse RBCs 
Be with Standard eters. Two important characteristics of (wash, if needed) 
srochromes are bsorption spectrum, at which they can 
Saag when p: the laser beam in the flow cell of the 
2 Ser and th iission spectrum, which is cee i. 
than the wavele: The emission wavelength iaaaee 
these ion elength, and the era oe 
'S preferred cid is colled Stoke’s shift. A high St a at 4 
d noise « Sey it gives greater separation betwee pe 
lengths 4 able 34~) Jists the excitation and emission wa < 
: °F each fluorochrome. A general staining scheme for 


ells big ; 
Bhinee different lineages or subpopulations 
Usin, —* Of antigens, and populations can b 
r i . > . _ 

Of dim pate antibody combinations. To do this, 


: . 
Bitines nt Specificities are conjugated to different ee 
€d to f and then combined. The different eee - 1 A = 
2 of See roms that emit different colors, so the a 
: Poo san be ked separately. 
landarg ‘ody can be tracked sep' i par ae 
Os 


Tous ntibedy conjugates are commercially ava0t 
oo applications. Extensive work goes Into vise 
opt ; et ro} 

Chro. Ptimal antibody concentrations, the app P 


© Pairing for each antibody in a test pam 


e identified 
antibod- 


FIGURE 34-3 General staining scheme for staineng leukocytes with 


antibodies. RACs = red blood cells 
el, an 


ee PRET S Seer Laboranary Methods 


wm valsdatang the resales cbtammed with the reagent. Commer- 
cualby ewnlaibie aenibody conpagmes specific for 2 bow-demsaty 
mutagen are typucally puared with 2 bright floorochrome sack 
as PE, whole an antibody specific for a bagh-demsity anmgen 
ts pared wath ap average micusity fluorochrome such as 
fhewwescem isothsocyanase (FITC) or persdaman-chiorophryil- 
peotem: (PerCP). There ae addtional factors to comsider 
when selectmg antibody-—flactochrome combmations’ that 
ate Mmportunt when antibody test pancis are validated by each 
laboratory 2s they are Laboratory developed tests. 

To provade 2 means for comparmg monoclonal antibodies 
from GefSereet sources, 2 classification system has been devised. 


The system sdentifies antibodses based on antigen reacteiny, 
rather than by the name goven by Ge manefacterer Wath dis 
classification. deflerent antibodses bedi he same infer 1s 
determimed by flow cytometry and gef electrophoresus. are clas- 
sified im the same “chaster of differentiation” or CD coup 
The CD groups are mumbered, and antibodies wihm 2 goup 
band the same antigen. The Intermational Workshop om Huma: 
Leukocyte Differentiation Antigens (HLDA) creates new CD 
groups when m meets periodscallly to evaluate and classify new 
antibodies and am updated lest cam be viewed at begcliewe 
hodenorg. The names and CD sumbess of antibodies com 
monly used in hematopathology are listed im Table 34-2. 


"Feel sos (optic N, Nicol subset 


Pro- and pre-& cells, granulocytes 


i Gramsocyies, monocytes , NK- cells, T- and B-cell 
wires 


Monocytes, macrophages, neutrophils 


Gramslocyles, monocytes, progenitor cell subset, 
mast cefis 


Granulocytes, NK celis, monocytes 
Pan-B-cetl marker 
8 cells 


Platelets, mature monocytes, macrophages, micro- — - 
vascular endothelial cells, dendritic cell subset 
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TABLE 34-2 Useful Antibodies for Hematology Applications—cont'd 


Applications 
Antigen Antigen 
Antibody z iM AL CD TL) PCD Misc 
038 ADP-ribosyl cyclase Subsets in all hematopoietic lineages Z wo Ww & + 
p41 CED Z Megakaryocytic cells, platelets a @) =e en ae 3 
cD42b GP lbex Megakaryocytic cells, platelets ips) Uoediinicaie 1a eer 
p45 LCA All leukocytes + + + + + PNH, PCE 
CD55 Decay-accelerating _ Erythrocytes, granulocytes S = — 
factor 
C056 N-CAM T-cell subset, NK cells + w W + : 
CD57 Oligosaccharide T-cell subset, NK-cell subset - = = = = 
CD59 Membrane inhibitor Erythrocytes, granulocytes - - - - PNH ; 
of reactive lysis 
CD61 GPlilb Megakaryocytic cells, platelets - @ = ae ee 
CD64 FcyRl receptor Myelomonocytic cells, activated neutrophils - (4) - - - 
065 Ceramide 12- _ - - - ~ - 
saccharide 
071 Transferrin receptor  Upregulated on proliferating cells - w= (+) - 
(079a Ig alpha; MB1, B B cells = Gye = = 
antigen receptor 
subunit ae 
(079b B29; ig beta; B B cells - =e oGhees zs 
antigen receptor 
subunit re 
D103 a integrin subunit __ Tells, monocytes, hairy-cell leukemia = Ne Mais = 
C0117 c-kit, stem cell factor Stem cells = Siege os = 
aoe ee -recept - ———- - 
——— = = + 
(0138 Hepar te 
prote i 
syndec oo ees —— 
2 ——_ (+) = ~ = 
(0235a Glyco A Erythroidcells leew 2 
Boe. ae (es ee 
Fc? FE re 8 gee. ee CL eg 
Hgbr al ——_ aie eee S_ ie FM 
pen a Hemoglovin F Fetal erythrocytes oe a) 
LA = : Is, NK cells, Sheer oe ne 
| Dk MHC clas: T-cell subsets, monocytes: all B cells, 
_—_ itor cells 
| Moja i © &) &) + 
| i a Ig heavy chains B cells pe ome Sey an: Bes ie + + 
Pa/ ; & ith Fc receptors 
Lambda \g light chains B-cell subset, all cells with F = PEs 
in. 3 : a — =: - +) =) - 
Ra 8. 
= YS T-cell receptor Tcells : ata a 
Te B cells, cortical thymocytes 
Lay lerminal Pro- and pre-B cells. | 
Mpg deoxytransferase (+) - - © 
Myeloperoxidase Myeloid cells PCD = plasma ced disorders; NK = agnarat iulier: 
Pit Ute leuk, 5 siferative disease: TE USSHE IVD + essencia (+) = usaf = sf or some cases 
So), Pan Ma; IM = j ing: CLD = chronic ly’ Mi = fel 
Ources XYsmal Mmune monitoring; C! ell enumeration: F 
* Antibody oun hemoglobinuria, PCE = progenitor ¢ 


ta compiled from references 14 and 15. 
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ADVANCED CONTENT 


Antibody titration in flow cytometry is the process of 
identifying the optimal concentration of antibody for a 
given assay. When selecting antibody fluorochromes, it is 
necessary to determine the volume of antibody to be added 
to the sample cell suspension, since sensitivity and reactiv- 
ity are affected by the antibody concentration.’ If a sample 
cell suspension receives an excess of conjugate, back- 
ground interference may be caused by nonspecific binding. 
Conversely, if too little antibody is used, it decreases the 
positive signal and may result in false-negative interpreta- 
tion. Commercial antibody conjugates generally carry man- 
ufacturer recommended volumes, which should be used as 
the starting point for serial dilutions during titration. For 
example, the manufacturer may recommend 20 pL of the 
conjugate per 1 million cells in 100 wL. It is important to 
perform the titration by altering the amounts of conjugate 
but keeping cell concentration and total reaction volume 
constant. Table 34-3 shows antibody dilutions based on 20 
pL manufacturer recommendation. When selecting the cell 
suspension for this experiment, both cell types that carry 
the target antigen and those that do not are included. After 
data acquisition the Staining Index (SI) is calculated. This 
index demonstrates the optimum separation between an 
antigen-negative and antigen-positive population and can 
be displayed by graphing antibody volume against the SI 
value. Figure 34-4 shows the optimal concentration at the 


TABLE 34-3 Antibody Dilutions Based on 20 pL 
Manufacturer Recommendation 


Titer v Stain index 
34.0 33.2 
aes 32.6 
% 320 
z 310 
§ 300 29.4 29.7 
® 290 
28.0 
200 —————eeeeeeeeeereeeee 
Undiluted 1:2 1:4 18 
se 


| FIGURE 34-4 Graph showing the Stain Index (SI) for each antibody 
_ conjugate dilution. 


| 


highest point of the line. In this example, 20 wL, the vol- 
ume recommended by the manufacturer, was confirmed to 
be the ideal amount of antibody conjugate to be added to 
the sample. 


Cytometer Operation 
Five procedures are required for cytometer operation: startup, 
quality control, optimization, data collection, and shutdown. 


Startup 
Each cytometer manufacturer provides a startup procedure. 
Startup includes turning on the cytometer and computer, 
filling sheath and emptying waste reservoirs, and priming 
fluidics. 


Quality Control 

Quality control (QC) procedures are performed to monitor 
instrument performance and to ensure consistency from day 
to day. For this purpose, the manufacturers provide a QC 
software program that is used in conjunction with fluores- 
cent beads. The beads are run under standard conditions, and 
measurements are made. Because the beads are very stable, 
any major fluctuations in these measurements indicate a pos- 
sible cytometer problem. Additional QC procedures may be 
required depending on the application.** 


Optimization 

During optimization, the operator adjusts the cytometer set- 
tings so that cell populations in the sample can be properly 
analyzed. This is analogous to what is done to prepare for 


examining a specimen on a microscope slide. Once the slide 
is put on the stage, the lighting, optics, and stage position are 
adjusted so that the cells can be seen. Similarly, optimization 


entails running a sample from a normal! donor and adjusting 
the cytometer settings to brir oulations of interest on 
scale. It is important to use e! from a healthy subject 
or commercially prepar s with known charac- 
teristics, because patient » v lack normal popula- 
tions. Cytometers that us ly quality control may 
only have to be optimiz line for these beads is 
established every 6 mor ity, as long as the daily 
QC provides acceptable ation continues to be 
valid. To understand whi be adjusted, it helps 
to understand how a cyt ns. The next section 
combines an overvi function with explans- 
tions of the instrument sn be adjusted during 
optimization. 


Data Collection 


After optimization is complete, the operator sets UP the soft: 
ware to collect and store data files for each sample. qr 
operator inputs information such as the number of events 


collect, the file name, the patient identification number, 
the staining reagents used for each sample. As the nit 
run, the parameter measurements for each event are 5 

a list that continues to grow until the number of events dal 
analyzed has been reached. The resulting data file coal” 


eter data along with information entered by the 


the fee, A data file containing information for 


: y three events is 
peri ed in Figure 34-1, but typical files contain information 
ast jeast 10,000 events. 

utdown 


sputdown procedure is provided by the cytometer manufac- 
oa consists of cleaning and decontaminating the cytometer 
aTe turning the power off. Depending on the dyes used for 
men, it may be necessary to perform a short cleaning proce- 
sore between assays. This avoids possible dye carryover to sub- 
acs samples. If the flow cytometer is shut off for long time 
. ods, it is important to not let sheath fluid remain in the lines. 
Pe this can lead to salt crystal build-up. In laboratories that do not 
24 hours a day, it is necessary to fill the cytometer lines 
ie specially formulated shutdown solution overnight that is 
‘a replaced again by sheath solution upon startup. 


CRITICAL THINKING QUESTION 


34-1 When preparing the settings to collect data, why is it 
important to pay close attention to the rate at which the 
sample passes through the flow cell? 

See answers to all Critical Thinking Questions at the back 


Data Analysis 

There are basically two objectives for performing data anal- 
ysis. One is to obtain statistics. This is because population 
percentages, absolute cell counts, and fluorescence intensity 
measurements are typically reported. The other objective is to 
_ identify abnormal populations based on light scatter, staining 
‘patterns, or both. The prerequisite for performing this type of 
s, of course, is to be able to identify normal popula- 
ions using the same parameters. 


g Populations 
most hematologic samples contain multiple cell 
milations, it is necessary to first identify the population of 
est for further analysis 'y visual inspection of the data 
i layed in the PSC/SSC plot rep- 
uta file (see Fig. 34-1). The x 
of eax : represent the event’s FSC and 
_ the location of each dot is very 
ents, however, it is impossible 
> populations exist. 
cure 34-5A with 10,000 events 
lected from a blood sample that 
‘sed i semove erythrocytes. With this 
possilyic to visualize multiple populations. 
Ms are displayed and color-coded for clarity. 
Hi and contain no granules; therefore, the 
fre low compared with those for the mono- 
nocytes are larger and contain more 
« as a result, the FSC and SSC values 


wytes; therefore, their FSC values are 
are much higher than monocytes. 
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SSC-H 


40° 10! 102 10? 10* 
B CD45-PerCP 


FIGURE 34-5 Leukocyte populations discernible in lysed whole blood. 
A. FSC/SSC display. B. CD45/SSC display. Note how in 8, debris and baso- 
phils can be resolved from the lymphocyte population, 


In Figure 34—5B, the same file is displayed with CD45—PerCP 
on the x-axis rather than FSC. This plot illustrates the utility of 
CD45 for resolving leukocyte populations, Using the CD45/SSC 
plot, it is now possible to resolve debris, nucleated red blood 
cells, and basophils from lymphocytes. Although the FSC/SSC 
plots are useful, CD45/SSC plots are being used more frequently 
for leukocyte analysis, especially for bone marrow samples in 
which interfering nucleated red cells are more frequent 

Whole blood is commonly used for platelet and erythrocyte 
assays. The location of platelet, erythrocyte, and leukocyte 
populations in whole blood is displayed in Figure 34-6. For 
some applications, other parameter combinations are used for 
identifying populations, They are discussed where relevant. 


Gating 
Many analyses focus on a single population. Gating is a 
software feature used to restrict analysis to a particular 
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104 


SSC-Height 
2 


Leukocytes 


Platelets 


10° 10! 10? 103 104 
FSC-Height 
FIGURE 34-6 Populations discernible in whole blood, 


population. A gate is created by drawing a graphical bound- 
ary around a population. 

In Figure 34-7A, a gate has been drawn around the lym- 
phocytes. The effect of using no gate or using the lympho- 
cyte gate to display the FITC and APC fluorescence values 
from the data file is compared in Figures 34-7B and 34-7C. 
With no gate, the fluorescence of monocytes, neutrophils, 
and debris is displayed along with the lymphocyte fluores- 
cence, making it impossible to obtain statistics on lympho- 
cytes alone. The lymphocyte gate restricts the fluorescence 
data, making statistical calculations possible for a particular 
population. Next, we will see how these calculations are done. 


Quadrant Statistics 

Quadrant markers divide two-parameter plots into four sec- 
tions called quadrants. The quadrants are used to distinguish 
negative, single-positive, and double-positive populations 
from one another. Using Figure 34-7C as an example, neg- 
"ative events are represented by dots with low FITC and APC 
 yalues, single-positive events are represented by dots with 
high FITC and low APC values or low FITC and high 
} values, and double-positive events are represented by 

ith high FITC and APC values. 

yadrant markers are set to encompass the negative pop- 
| within the lower left (LL) quadrant (Fig. 34~7C). For 
is in which it is difficult to distinguish the negative 
from the single-positive populations, a replicate 
ined with a subclass control reagent is used. This 
‘contains an antibody of the same immuno- 
s as the staining reagent, conjugated to the 
e, but specific for an antigen not found in 
ing conditions produce a negative popu- 
setting quadrants. 

ulated based on the number of events 
statistics for Figure 34-7C are 


er right (UR) quadrant are double- 
ies, this quadrant contains 


104 


10! 
10° 
10° 10! 10? 10? 104 
A 
re) 
a 
< 
+ 
faa) 
ro) 
B CD3-FITC 
104 
108 
g 
D 102 
ral 
oO 
10! 
10° 
10° 10! 10? 103 104 
Cc CD3-FITC 
FIGURE 34-7 Effect of a lymphocyte gate (A) on fluorescence. Fluores- 
coded to their 


cence events in B (ungated) and C (gated data) are color 
respective populations in A; using a gate provides a means for analyzing 
one population at a time. UL = upper left; UR = upper right LL= lower 
left; LR = lower right. 


—— 


ated Events: 3484 
Total Events: 10000 — 


Quad Events _% Gated % Total. 

Eau © = 72° 207 pag 
UR 1184 33.98 11.84 

ogi bt 1321 3792 43.04 
LR 907 26.03 9.07 


ha enaegenetaen 
ae 


34-8 Quadrant statistics from Figure 34-7. UL» u “ 
ne right: LL» lower left; LR = lower right, Pen Ie 


1,184 events. The % Gated statistic reflects the percentage of 
¢ ytes that are double-positive, It was calculated by 
dividing the number of events in UR by the number of events 
in the lymphocyte gate [(1,184 + 3,484) X 100 = 33,98}, To 
calculate the events in UR as a percentage of the total events 
Total), the total event number is used as the denominator 
{1,184 * 10,000) X 100 = 11,84). The % Gated statistics are 
ysed most frequently because they are based on the population 
of interest, 


Region Statistics 


An analysis tool to separate distinct cell populations are 
regions. Four regions are displayed in Figure 34~9, In contrast 
to quadrants, regions can be drawn in various shapes to fit 
each population, The % Gated and % Total statistics are calcu- 
jated as in quadrant statistics, except that the number of events 
in each region is used as the numerator, Figure 34-9 displays 
the same data shown in Figure 34~7C; thus, the region R5 
statistics are comparable to the UR statistics in Figure 34-7, 
In region analysis, the operator usually readjusts the regions 
for each donor even though the samples are stained with the 
same reagents. This is necessary because populations can shift 
from one donor to another. 

Ayariation of region analysis uses movable regions linked to 
cluster-secking algorithms. The algorithm directs the region to 
home to its target population as each new data file is analyzed, 


_ Single-Parameter Histograry) Statistics 
For some applications, statistical information from one 

rameter is sufficient. Figure 34-10 displays the FITC data 
hin Figure 34-9, The F'!1C values are displayed on the 
and the number of events expressing each value is 
ed on the y-axis, Mariers are set so that events with 
es higher than thove of the negative population can 
sured. As with quadrants, if the negative population 
sult to distinguish {1 © positive population, a sub- 
inirol sample can be used to determine where to set 
Percentages are culculated using the number of 
the markers os the numerator and the gated 
Mal events for tie denominator, In this example, 

tlymphocytes were positive for CD3. 
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10 ‘ 
CD3-FITC 


10° 


Gated Events: 3484 
Total Events: 10000 


Region Events % Gated % Total 
R2 3484 100,00 34,84 


R1 62 1.78 0.62 
R3 68 1,95 0.68 
R4 26.06 9.08 
R5 33.61 11.71 

R6 37.94 13.22 


FIGURE 34-9 Analysis using regions. 


Gated events: 3484 
Total events; 10000 
Marker Left, Right Events % Gated % Total Median 
mechan mngpnanip-ta enape tapanetmneumsiinapgessemraninbiin es 


All 1,9910 9484 100.00 3484 oni? 
M1 1, 26 1984 39.72 13,64 5.09 
M2 26,9140 2086 59.87 20.86 148.55 


FIGURE 34°10 Analysis using a single-parameter histogram with 
markers. 
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Histograms displaying cellular DNA content measure- 
ments (Fig. 34-11) require the use of specialized algorithms 
for calculating population percentages. In DNA analysis, cells 
are stained with a fluorescent dye that binds in proportion to 
the amount of DNA present. Analysis of proliferating cells 
stained with DNA dyes reveals three populations: those with 
the normal complement of DNA, those with a double com- 
plement of DNA, and those in between. These populations 
are referred to as G,/G,-phase cells, G,+ M-phase cells, and 
S-phase cells, respectively. The location of these populations 
and the percentages, as computed using a DNA analysis pro- 
gram, are illustrated in Figure 34-11. 


Absolute Cell Counts 

So far, methods for obtaining percentage statistics have been 
presented. In many applications the absolute count, which is 
reported as the number of cells per microliter of specimen, is 
more useful. In flow cytometry there are two ways to obtain 


3,000 events 
= X 10 = 1,500 events/ L blood 
20 pL sample 
Because few cytometer models can measure fixed volumes 
of sample, the more common way to obtain absolute counts 


Go/G 


Go/Gi: 61% 
S: 29% 
Ge+M: 9% 


160 


40 60 
DNA Content 


34-11 Analysis of DNA data using a single-parameter histogram 


120 


utilizes fluorescent reference beads. In this approach 
number of reference beads is added to the sample. vin” 
contains a known volume of specimen. A data file is oo 
and region statistics are used to measure the numbe lected, 
population events and the number of bead events. The nt 


of these two numbers is determined and the absolute 
calculated using the formula: Cotunt is 


No. cell population events se _No. beads per sample 
No. bead events pL specimen per smi 


= No. cells/L specimen 


Fluorescence Intensity Measurements 

For some applications, population percentages and abo, 
lute counts are not useful. Instead, the amount of stainin 
reagent bound is informative, so the fluorescence a 
sity is measured. This is sometimes referred to as the mean 
(or median) fluorescent intensity or MFI. The median js 
most commonly reported for this purpose because it is ee 
affected by bright outliers, and it best represents the fluo. 
rescence per cell in a population. Reviewing the statistics 
in Figure 34-10, the median fluorescence of the M2 peak 
is 148.6. One can also make relative comparisons of anti- 
gen expression using this statistic. For example, since the 
staining reagent is an antibody, then the fluorescence inten- 
sity is related to the number of antigens present. For the 
data in Figure 34-10, a ratio of the medians of the M2 and 
M1 populations (148.55/5.09) indicates that positive cells 
(M2) bear approximately 30 times more antigen than the 
negative cells (M1). This is only a relative measurement, 
however, and the actual number of antigen molecules pres- 
ent cannot be quantitated without additional information. 
Mean fluorescence intensity is a useful measurement when 
performing lot-to-lot comparison studies of antibody conju- 
gates as part of quality assurance. The % difference between 
the MFI of the old lot and the new lot of antibody can be 
used for an acceptance criterion to ascertain consistency in 


patient testing. 


rate sPrinm 


CRITICAL THINK! 

34-2 Alaboratory policy may state that, ifa new antibody 
lot is 15% dimrnx “2 current lot, the new lot may 
have to be reple / ve manufacturer. However, if 
the new lot is >20 ehan the current lot, the 
new lot should rm ed. Before putting the new 
lot into use, what cessary to assure consis- 
tency in patient te 


Applications of Fic. Cytometry 

In clinical flow cytometry. methods for determining lympho- 
cyte subsets and for analyzing leukemias and lymphomas a 
common, Visit www.fadavis.com and register your access 


code to see the required steps for the following procedures. 


See 


subset Analysis and CD4T-Ce}| 


Ee ect analysis and CD4 T-cell enumeration 

ryt? _ evaluate immunodeficiency disease States, 

mre use sured are the T-cytotoxic, T-helper, B, and 

$' eg lymphocytes. For more details on this 

; gilee ike required steps for this Procedure, visit 
on 


avis.com. 
nd Lymphoma Immunophenotyping 

i lymphoma immunophenotyping can be used 
an acterize, and monitor abnormal cell popula- 
char a is a term used to denote a malignancy that 
ep in the differentiation from a blast in the 
P to a mature leukocyte in the Peripheral blood, 
0 Sybo lymphoid or myeloid in origin and may be 
mi acute or chronic depending on the onset, Lym. 
® malignancies of the lymphoid system. For more 
‘this application and the required steps for this pro- 
it www. fadavis.com. 


mia and Lymphoma DNA Content Analysis 
a and lymphoma DNA content analysis provides 
ional way to characterize malignant cells. In con- 
unophenotyping, which can provide diagnostic 
ion, DNA content analysis mainly provides prog- 
ormation. The percentages of cells in each phase 
eycle are estimated based on the amount of 
ent in each cell. For more details on this appli- 
and the required steps for this procedure, visit 


tic Progenitor Cell Enumeration 

Progenitor cells (HPC), sometimes called 
ie stem cells, are CD34-positive leukocytes found 
yin bone marrow and cord blood, and in low numbers 
nthe peripheral blood They can replace failed mar- 
ious anemias and ero being used to rescue cancer 
‘from the fatal aplasia that results from high-dose che- 
fpy.”In the past, bone tiarrow samples were harvested 
fom the patient before «! notherapy or from a human 
antigen (HLA)-matched donor. This method was 
énd painful for the ». With the advent of HPC 


Bee eaniques, it has become possible to obtain large 
x Peripheral blood p»ovenitor cells through aphere- 
’ Is on this ap) cation and the required steps 


» Visit www. ( avis.com. 


hing is used to determine whether a recip- 
‘ainst cells from a potential 
: ifying transplantation recip- 
TSK for rejec tion, and it can also aid in 
»St-transplantation. Numerous 
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Studies have shown that even low concentrations of allo- 


antibodies can be associated with engraftment failure. For 
More details on this application and the required steps for 
this procedure, Visit www. fadavis.com. 


Detection of Paroxysmal Nocturnal 

Hemoglobinuria 

P. aroxysmal nocturnal hemoglobinuria (PNH) is a rare 
acquired clonal disorder of hematopoietic stem cells caused 
°Y @ Somatic mutation of the X-linked P/JG-A gene, which 
's Involved in the synthesis of glycosyl phosphatidyl! inosi- 
tol (GPI), an anchor molecule that attaches proteins to the 
cell membrane." This leads to a diminished expression of 
GPI-linked Proteins, two of which are responsible for the 
Susceptibility of erythrocytes to lysis by complement. They 
are CD55 and CD59, decay-accelerating factor ( DAF) and 
membrane inhibitor of reactive lysis, respectively. For more 
details on this application and the required steps for this 
Procedure, visit www. fadavis.com. 


Residual White Blood Cell Enumeration 

Flow cytometry can be used for enumerating residual 
white blood cells in leukocyte-reduced blood products. Leu- 
kocytes in blood Products for transfusion can cause adverse 
effects in patients, such as nonhemolytic febrile reactions, 
alloimmunization, or transmission of infectious agents. For 
more details on this application and the required steps for 
this procedure, visit www.fadavis.com. 


Detection of Fetomaternal Hemorrhage 

The detection of circulating fetal erythrocytes in maternal 
blood is key for the obstetric management of blood group 
Rh-negative women carrying a Rh-positive fetus and for 
assessing placental injury after trauma. Through flow cytom- 
etry, it is possible to detect as low as 0.02% fetal erythrocytes 
in maternal blood, making this assay a type of rare event anal- 
ysis.'' For more details on this application and the required 
steps for this procedure, visit www.fadavis.com. 

A variety of flow cytometry assays exist for platelet stud- 
ies. They include assays to measure platelet activation Status, 
platelet activation function, platelet-bound immunoglobulin, 
and platelet production. This information is useful for evaluat- 
ing patients with coronary artery disease to determine whether 
anticoagulant therapy is sufficient, for studying congenital 
platelet disorders, and for evaluating thrombocytopenias. 23 
For more details on this application and the required steps for 
this procedure, visit www.fadavis.com, 


Bead-Based Assays for Soluble Factors 

The utility of flow cytometry is expanding the detection 
of soluble factors. These assays use sandwich techniques 
whereby a capture molecule, usually an antibody, is attached 
to the surface of beads. For more details on this appl ication and 
the required steps for this procedure, visit www. fadavis.com. 
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SUMMARY CHART 


REASON FOR VISIT A 68-year-old male patient arrived in 
the emergency department with symptoms of a heart attack. 
As part of his initial laboratory orders, a complete blood 


The cellular characteristics measured in flow cytom- 
etry include surface area, granularity and internal 
complexity, and fluorescent colors. 


Immunophenotyping utilizes fluorochrome-conjugated 


antibodies to identify target populations. 
Antibodies within a CD (cluster of differentiation) 
group bind the same antigen or epitope. 

The objectives of data analysis in flow cytometry 


include obtaining statistics on population percentages, 


CASE STUDY 34-1 Diagnosis of Chronic Lymphocytic Leukemia b 


count with differential was performed. 


PATIENT AND FAMILY MEDICAL HISTORY 


The patient remarked that he had not seen his primary care 
physician in 3 years. However, he had been feeling more 


tired during the last few months. 
MEDICATION HISTORY OTC Aspirin, 1/Day 


PHYSICAL FINDINGS Exam showed palpable cervical lymph 


nodes and mild hepatomegaly. 
INITIAL LAB RESULTS 
Automated cBC and Differential 55 
Laboratory Test Result Units 
RBC 2.17 x 10°/pb 
Hb 6.6 g/dl 
Het 23.1 % 
MCV 106.4 fl 
MCH 30.4 pg 
MCHC 28.6 g/dL 
PLT 90.8 x 10/pb 
WBC 2778 x 10/pb 
Neutrophil % 1 % 
Abs. Neutrophils 28 * 10'/pb 
Lymphocyte % 99 % 
Abs. Lymphoctes 75.0 x 10/pl 
QUESTIONS 


1. Considering the automated CBC results, what is the 


patient’s differential diagnosis? 


2. What additional step is helpful in the differentiation? 


a | | 


absolute cell counts, and fluorescence intensity meg 
surements; identifying abnormal populations based o 
light scatter or staining patterns; or both. be 
e Gating is a software feature that allows the operator t, 
focus on a single population of cells. ‘ 
© Quadrant statistics are used to distinguish negative 
single-positive, and double-positive cell populations 


y Flow Cytometry 


ANSWERS 
1. The patient has a markedly elevated white blood cell 


count and absolute lymphocytosis. Hemoglobin and 
platelet count are also reduced. 
2. Aperipheral blood smear must be reviewed to evaluate 
cell features. 
SMEAR REVIEW OBSERVATIONS Generally, mature lym- 
phocytes display nuclei with condensed chromatin and 
“soccer-ball”-like appearance. No blast cells, but many 
smudge cells, are noted. An albuminized smear additionally 
reveals occasional prolymphocytes. 


QUESTIONS 
3. What condition is most likely indicated by the 


observations during the peripheral blood smear 
review? 


4. What follow-up testing is indicated to make a 
diagnosis? 

ANSWERS 

3. Neither blasts nor reactive ! hocytes were 


leukemia and a reactive 
-, the prevalence 
endensed chromatin 
d with smudge 
» the albuminized smear 
chronic lymphocytic 


noted, ruling out ac 
process due to inie 
of mature lymphocyte 
(soccer ball appearance) 
cells and prolymphocytes 
are indicators of possible 


leukemia (CLL). 
4. Flow cytometry testing on the peripheral blood is 
indicated to rule out or diagnose CLL. 


The peripheral blood specimen was taken to the flow 


cytometry lab and tested 
These are the scatter plots (next page). 
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CASE STUDY 34- 
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QUESTIONS: 7. Normal B-Lymphocytes are not CD5+, which is a 
_5. What is the immunophenotype of this patient? T-Cell marker. They also exhibit both Kappa and 
6. What cell type is affected? Lambda cell surface markers. 
7. What would a norma! i:nmunophenotype be? 8. The patient’s diagnosis is C LL, supported by absolute 
3. What is the patient's diagnosis? lymphocytosis of more than 5.0 X 10? cells/uL, a 
a prominence of mature lymphocytes and smudge cells, 
NSWERS: as well as the immunophenotype of CD5+, CD23+, 
The immunopheno. ye is CD19+, CD23+, CDS+, and and CD19+ B-Lymphocytes with clonal Lambda 
bda+. expression. 


-Lymphocytes, as (i\cir immunophenotype is CD19+. 
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REVIEW QUESTIONS 


1. Which of the four main tasks related to flow cytomet- 
ric analysis often requires the expertise of a specialty 


physician? 

a. Sample preparation 
b. Cytometer operation 
c, Data analysis 

d. Results interpretation 


the same: 

a. Isotype 

b. ABO group 
c. CD group 
d. HLA group 


3. Forward light scatter is a result of: 


a. Cellular size 

b. Internal components 
c. Dilution of sample 

d. Intensity of laser light 


REFERENCES 


Ay 


2. 


Shapiro, HM. Practical Flow Cytometry. 
New York: Wiley-Liss; 2003. 

Johansson U, Macey M. Tandem dyes: 
Stability in cocktails and compensation 
considerations. Cytometry B Clin Cytom. 
2014;86(3):164-174. 


_ Givan, AL. Flow Cytometry: First 


Principles. New York: Wiley-Liss; 
2001. 


_ Maecker, HT, and Trotter, J: Flow cytom- 


etry controls, instrument setup, and the 
determination of positivity. Cytometry 
Pt A. 2006;69A:1037. 


_ Langweiler, M, and Givan, AL. Flow 


cytometry and quality control: an uneasy 
alliance. In: Stewart, CC, and Nicholson, 
JK (eds.), Immunophenotyping. New 
York: Wiley-Liss; 2000, pp. 23-47. 


. Adan, A, Alizada G, Kiraz Y, Baran y, 


Nalbant A. Flow cytometry: basic princi- 
ples and applications. Critical Reviews in 
Biotechnology. 2017;37:(2):163-176. 


Antibodies binding the same antigen are classified in 


Te 


4. Which of the following is used to restrict the data e 
ysis to one population? — 
a. Compensation 


b. Linear amplification 


c, Gating 


d. Logarithmic amplification 


5. An FSC/SSC plot displays two populations, A and B 


Population A is to the left of population B. Based on 
this information, which statement is true? 


a. Cells of population B are more granular than those 


inA. 


b. Cells of population A are larger than those in B. 
c. Cells of population A are smaller than those in B. 
d. Cells in population A are more granular than those 


in B. 


See answers at the back of this book. 
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CHAPTER OUTLINE 


Future Prospects of Molecular Assays 


structure of DNA and RNA Sequence-Specific DNA Fragmentation 
Applications of DNA Technology in by Restriction Endonucleases Summary Chart 
Laboratory Medicine Molecular Procedures Case Study 35-1 
sample Sources for Molecular Polymerase Chain Reaction (PCR) Review Questions 
Procedures Reverse Transcription Polymerase References 
Nucleic Acid Extraction Chain Reaction (RT-PCR) 
DNA Extraction From Cells or Tissue In Situ Hybridization to Tissue 
RNA Extraction Immobilized on Glass Slides 


Nucleic Acid Quantification 


LEARNING OBJECTIVES 


, At the end of this chapter, the learner should be able te 


35-1 Explain the structure of DNA and RNA. 


35-2 Assess the types of pathological conditions for which 
DNA and RNA technologies are currently utilized as a 
diagnostic tool. 


35-3 Contrast specimen requirements for DNA with those 
for RNA analysis. 


35-4 Name the types of specimens from which DNA and 
RNA can be isolated. 


35-5 Distinguish extraction techniques used for DNA 
isolation from those used to isolate RNA. 


ene tests are increasingly adopted for clinical use when 

they add value beyond microscopy and flow cytometry 
or immunohistochemical laboratory tests. More accurate and 
complete classification of disease promotes more effective 
treatment and enhanced detection of low-level disease. Ad- 
ditionally, more precise measurement of disease burden can 
help reveal how effective the treatment is. 

Deoxyribonucleic acid (DNA) is the inherited substance 
that encodes information needed for cell structure and func- 
tion, This information is actionable through an intermediary 
_ Substance called ribonucleic acid (RNA). DNA and RNA are 

| collectively called nucleic acid. Analysis of nucleic acid in 

Patient specimens is the foundation for the field of laboratory 
ine called molecular pathology. This discipline of labo- 
/medicine is crucial for diagnosis and monitoring of cer- 
erited, infectious, and malignant hematologic diseases. 
laboratory methods most commonly implemented in 
‘Settings are polymerase chain reaction (PCR), in 
idization, and DNA sequencing. To understand 


Fluorescence In Situ Hybridization 
DNA Sequencing 


35-6 Differentiate the two main analysis techniques 
utilized in nucleic acid quantification. 

35-7 Describe restriction endonucleases. 

35-8 Compare and contrast the purposes for utilizing 
PCR, RT-PCR, in situ hybridization, fluorescence in 
situ hybridization, and DNA sequencing. 

35-9 Givena particular clinical application, propose the 

appropriate molecular procedure, 

Evaluate the expected technological improvements 

for nucleic acid analysis. 


35-10 


how each method works, this chapter begins with a review of 
the structure of DNA and RNA. It examines specimen sources 
for molecular procedures, describes nucleic acid extraction 
and quantification, explains sequence-specific DNA fragmen- 
tation by restriction endonucleases, and details related molec- 
ular procedures. The chapter ends with a discussion of the 
future prospects of molecular assays, 


Structure of DNA and RNA 


Human DNA is packaged into 46 chromosomes, each of which 
is a large molecule formed from two long strands of nucleo- 
tides. If all 46 chromosomes were aligned end to end, they 
would be 3 billion nucleotides long and would stretch for 
greater than 2 meters. Remarkably, all 46 of these long mole- 
cules are present within every cell nucleus in the body, tightly 
coiled around proteins to form chromatin. Within these strands 

is encoded the biochemical information necessary for life. 
Nucleotides are the building blocks of DNA, and there 
are four types—adenine, guanine, thymine, or cytosine. Two 
$19 
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: strands of these nucleotides wrap around each other to form 
a double helix. According to the rules of complementary 


: strand pairing, an adenine in one strand can bond only with a 
thymine in the other strand, and guanine can bond only with 
cytosine (Fig. 35-1). 
; Within the nucleotide sequences of DNA are functional 
; units called genes. Any given human cell expresses only a 
fraction of its approximately 25,000 different genes, depend- 
ing on the cell type and stage of differentiation. Gene expres- 
sion results in RNA transcription, producing “transcript” 
molecules that resemble the gene from which they were coded, 
except that RNA is single-stranded and its nucleotides contain 
a ribose instead of deoxyribose component, Transcripts serve 
as templates for protein translation. 

Advances in our understanding of the genetic basis of 
disease led to the development of laboratory tests targeting 
DNA or RNA in patient samples. These tests rely on our abil- 
ity to identify disease-related sequences of DNA or RNA by 
“nucleic acid probes.” A probe is simply a single-stranded 
segment of nucleic acid whose nucleotide sequence is com- 
plementary to the target sequence, allowing the probe to bind 
to its target DNA or RNA through a process called hybrid- 
ization. The probe may be labeled so that it is detectable in a 
tube (liquid phase) or on a glass slide (solid phase) to serve as 
a marker of the target sequence (Fig. 35-2). 


eS 


RE 35-1 DNA is composed of two strands of nucleotides that are 
d to each other through hydrogen bonds (depicted as diagonal 
s). Four types of nucleotides are present: adenine (A), thymine (T), 
e (G), and cytosine (C). The two strands of DNA are said to be “com- 
entary” to each other since an A on one strand can bond only toaT 

other strand, and a G can bond only toa C.The strands are oriented 
ysite directions with respect to their backbone, so each strand has 
* end. in the laboratory, a probe can bind to DNA after the two 
M ociated from one another by heating them to near-boiling 

re (95°C) or by treating them with an alkaline solution (high pH). 


iS. 


CRITICAL THINKING QUESTION 
35-1 Why is it helpful to leverage our understanding of 
netics in laboratory analysis? he 
See answers to all Critical Thinking Questio 
k STIONS at th 
of this book. ve back 


Applications of DNA Technology 
in Laboratory Medicine 


DNA technology is useful for diagnosing inherited diseases 
that, by definition, have a genetic basis and infectious dis. 
eases for which foreign DNA or RNA indicates that a patho. 
gen is present. A list of pertinent heritable and infectious 
disease assays amenable to molecular diagnosis is shown in 
Box 35-1. 

DNA technology also helps diagnose and classify various 
types of cancer because virtually all cancers harbor genetic 
defects responsible for malignant transformation. An altered 
gene that is activated to form cancer tissue is called an onco- 
gene, or itis called a tumor suppressor gene if itis inactivated 
to form cancer. Laboratory detection of cancer-associated 
genetic defects not only contributes to improved diagnosis 
of affected patients so that the most appropriate treatment 
may be selected, but it also helps us monitor the efficacy of 
treatment by providing tumor markers to quantify in serial 
specimens. 

Each of the previously mentioned clinical applications 
relies on prior basic and clinical research that has defined 
disease-specific genetic alterations and established molecu- 
lar probe assays to detect those alterations. In the remainder 
of this chapter, we describe and compare common molecu- 
lar technologies. Applications of these methods are found 
throughout this text. 


BOX 35-1 Hematologic Diseases 
Diagnosis <= 


— e 
eee 


Inherited Diseases 
Hemoglobinopathies (sickle cell an 
Hereditary hemochromatosis 
Bleeding disorders (factor Vill deficie 
Thrombotic disorders (factor V Leiden 


sjassemias) 


Willebrand's disease) 
«ation, prothrombin 


mutation) 
Immunodeficiency states (DiGeorge or Wiskort-Aldrich syndromes) 
Red cell membrane disorders (hereditary spherocytosis) 


Infectious Organisms 

Epstein-Barr virus (EBV) 

Cytomegalovirus (CMV) 

Human herpesvirus 8 (HHV8) 

Human immunodeficiency virus (HIV) 
Human T-lymphotropic virus type 1 (HTLV?) 
Malaria 

Parvovirus B19 


SARS-CoV-2 (Covid) 


— 


- 


sample Sources for Molecular Procedures 


pNA is 4 very stable molecule, Por example, 
DNA have been recovered from fossils and bodies that were 
ified thousands of years ayo, Nevertheless speci- 
mens submitted 10 clinical laboratories for molecular genetic 
assays should be handled with care 1 preserve intact DNA. 
NA is well preserved in fresh blood and MArFOW aspirates 
collected in ethylene diaminetetraacetic acid (EDTA) anticn- 
ggulant. For solid Ussue biopsies, one of the best fixatives 
fot preserving intact DNA is ethanol, though the more com- 
monly used formalin fixative paraffin-embedded tissue block 
js also suitable unless the downstream test requires long 
strands of intact DNA! Unlike DNA, RNA is unstable and 
easily degraded by ubiquitous natural enzymes collectively 
termed RNases, requiring more meticulous care to preserve 
arget analytes. 


mum 


Nucleic Acid Extraction 


DNA or RNA is readily isolated from blood, marrow, body 
fluids, and solid tissue samples. To extract DNA from blood 
samples, nucleated blood cells are retained after lysing the 
more abundant red blood cells that lack nuclei and, hence, 
contain no chromosomes, In contrast to blood Specimens, 
solid tissue specimens contain fewer red cells, so nucleated 
cell enrichment procedures are not required. Instead, tissues 
are minced, or they are sliced with an instrument called a 
microtome before nucleic acid extraction. 


DNA Extraction From Cells or Tissue 
DNA is separated from lipids and proteins by first treat- 
ing with detergent and proteinase enzymes to lyse cell 
membranes and degrade proteins. The proteinase is subse- 
quently heat-inactivated so that it does not interfere with 
subsequent enzymatic reactions. Commercial kits and auto- 
mated instruments fucilijate extraction of DNA by utilizing 
. salt solutions to precipitate DNA, or else columns or glass/ 
‘Magnetic beads selectively bind DNA. The purified DNA 
is suspended in water and siored at 4°C short term or at 
=-20°C indefinitely. 
_ RNAExtraction 
Because RNase enzymes ure ubiquitous, special precautions 
i€ fequired 10 prevent RNA degradation. In particular, gloves 
d frequently, and al! solutions and plastieware must 
free, Dedicated \aboratury areas and reagents are 
ded. Commercial preservative solutions are avail- 
omote RNA stabilization and/or inhibit endogenous 
RNA is separated from cellular lipids and pro- 
hilar extraction iechniques described earlier for iso- 
A. If not immediately proceeding to analysis, RNA 


ING QUESTION 
Htant that specimens for nuclelc acid 
o warm? 


fraginents of 
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Nucleic Acid Quantification 

DNA and RNA are quantified by spectrophotometry, which 
relies on the fact that nucleic acids absorb ultraviolet light 
of optical density (OD) 260 nm, whereas proteins absorb at 
OD,,,. Alternatively, DNA is quantified using @ fluorometer 
instrument that relies on emission of fluorescence by a dye 
when it binds DNA. 


Sequence-Specific DNA Fragmentation 
by Restriction Endonucleases 


A historic breakthrough in our ability to manipulate DNA was 
the discovery of naturally occurring enzymes that chop DNA 
into small fragments. Each enzyme cuts DNA only at specific 
nucleotide sequences, and this restricted ability to cut resulted 
in the name restriction endonuclease. These enzymes are nor- 
mally produced by bacteria as a means of defending from foreign 
pathogens such as viruses, In clinical laboratories, we use these 
enzymes to reproducibly cleaye DNA into smaller fragments to 
simplify manipulation ofan otherwise excessively large molecule. 

Examples of enzymes used for sequence-specifie cleav- 
age of DNA are EcoR1, derived from Escherichia coli and 
recognizing 5'-GAATTC-3'; BamH1, derived from Baeil- 
lus amyloliquifaciens and recognizing 5'-GGATCC-3"; and 
Hindi, derived trom Haemophilus influenzae and reeogniz- 
ing 5'-AAGCTT-3'. 

Ifa patient’s DNA contains a mutation in the target sequence. 
then the number and/or size of the fragments is altered accord- 
ingly. In a clinical assay to detect such an alteration, a control eut 
site is evaluated in parallel with the disease-related mutation site 
to ensure that endonuclease digestion proceeded to completion. 


Molecular Procedures 


This section details the following molecular procedures: poly- 
merase chain reaction (PCR), reverse transcription polymerase 
chain reaction (RT-PCR), in situ hybridization to tissue immo- 
bilized on glass slides, fluorescence in situ hybridization, and 
DNA sequencing. 


Polymerase Chain Reaction (PCR) 

PCR is the most common laboratory method for copying (Le., 
amplifying) a short segment of DNA? Target DNA can be cop- 
ied a billion-fold so that it is more easily detected or further 
analyzed for disease-specific genetic alterations PCR works 
by enzymatically replicating a particular segment of DNA 
amid all the DNA in a patient’s sample. Segments as long as 
40,000 base pairs (bp) have been amplified in research labo- 
ratories, but a more realistic limit in clinical samples is about 
5,000 bp for intact DNA or about 500 bp if the DNA was 
extracted from fixed paraffin-embedded tissue. 


Procedure 
DNA is mixed with; 


1, An enzyme called DNA polymerase that inserts nucleotides 
to convert single-stranded into double-stranded DNA, 

2, Short probes (~20 bases long) that flank the larget sequence 
and serve as primers for initiation of DNA replication by 
the polymerase, 
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strands (dATP, dGTP, dCTP, dTTP), and 
4. Buffer solution containing MgCl, that promotes poly- 

merase activity. 

The enzymatic reaction takes place in a thermocycler instru- 
ment programmed to vary the temperature of the reaction mix- 
ture sequentially so that progressive cycles of DNA replication 


can occur. After about 30 cycles, which takes only a couple of 


hours, approximately 1 billion copies of the target DNA have 
been generated and can be easily identified on gel electrophore- 
sis (Fig. 35-3). Alternative ways to identify the reaction prod- 
uct include hybridization to an internal probe or sequencing the 
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‘of DNA numerous times through a process of repeated 
ling, and DNA synthesis. To accomplish this, the 
with two short DNA probes called primers (shown 
designed to span the segment of DNA to be 
the mixture is an enzyme called DNA polymerase, 
Jed DNA into double-stranded DNA by incor- 
ting at the 3 end of each primer. A thermocycler 
to heat and cool the sample sequentially. In 
nple is first heated to 95°C to dissociate the 
d to 55°C to permit primer binding, 
teplication, After the first cycle, 
has been produced. Then, in 
cycles serve as templates for 
ulation of DNA copies 
ly a couple of hours, a 


“= 


ADVANCED CONTENT 


The DNA polymerase used in PCR reactions js “ti 

mostable.” This means that the polymerase can Pho 
near-boiling temperatures and still remain active. [t jg tain 
feature that allows the reaction to continue through eine 
heat cycles without loss of enzyme function. Therisaga 
polymerase is derived from bacteria such as Thermus a le 
icus (Taq) that can survive in geysers. a 


Sample Requirements 

Suitable sample types are solid tissue (fresh, frozen, fixed, or 
paraffin-embedded), blood, marrow, cytology fluid, plésan 
and other body fluids, and swabs. Minimum sample volumes 
are typically 1 mL of blood or body fluid, 0.5 mL of marrow, 
or 0.1 mm? of tissue. Even fragmented DNA may be suitable 
because just one intact target sequence is required for the reac- 


tion to proceed. 


Assay Time 
The process takes approximately 1 day; further testing of the 


reaction product requires additional time. 


Sensitivity 
This has the highest sensitivity of available tests. Theoreti- 
cally, one target is sufficient. In practice, amplification of one 


target per 10° cells is achievable. 


Specificity 
Specificity is high if the assay is well designed. 


Cost per Test 
The cost per test is approximately $100 if one sample plus 


controls are analyzed, less if samples are batched, and more if 
further testing of the PCR product is required. 


Variations 
Real-Time PCR In a variation of the PCR method called 


real-time PCR, a fluorescent internal probe is added to the 
reaction so that amplified products can be quantified at the 
end of every amplification cycle, and this information along- 
side results for reference materials can be used to extrapolate 
how much target DNA was present in the original sample* 
(Fig. 35-4). In a second methodological! ' ariation called mul- 
tiplex PCR, two or more different target DNAs are amplified 
in the same reaction. The second reaction may be a control 
amplification of an endogenous or spiked DNA that serves to 
verify that extraction and amplification w orked as expected. 
A third variation called melt-curve analysis detects a muta- 
tion in amplified DNA based on evaluating the temperature at 
which an internal probe melts away from its complementary 
strand (Fig. 35-5). 


Digital PCR In a variation of the PCR method called digi- 
tal PCR, the preamplification mixture is divided into tens of 
thousands of tiny volumes in droplets or wells. Postamplifi- 
cation, the proportion of separate reactions with ev idence of a 
PCR product is counted, This information is used to calculate 
the concentration of target DNA in the original sample.* 


——— 
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FIGURE 35-4 Real-time polymerase chain reaction quantifies target DNA 
jna patient sample. This is achieved in a thermocycler instrument that 
includes a detector to measure fluorescence at the end of each amplifi- 
cation cycle. When a fluorochrome-labeled internal probe in the mixture 

ridizes to the PCR product, it generates a signal in proportion to the 
jevel of the product. In the amplification plot shown, the level of template 
ina given patient sample is estimated by extrapolation to a series of stan- 
dards. Because the reaction vessels are never opened after amplification, 
the risk of amplicon contamination is minimized. Other benefits include 
low cost and fast turnaround time. 
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62 64 


Temperature 


‘Curve analysis reyeals a mutation in PCR-amplified 
e-labeled, sequence-specific probes bind in 
Gradual heating results in probe dissociation 
surable fluorescence signal. The temperature at 
es depends on whether a mutation is present. 
s changes in fluorescence as the temperature 
are classified as normal or mutant (het- 
ous) for the HFE 845G>A mutation. The G to 
at position 845 in the coding sequence causes 

titution in the encoded protein to alter iron 


my 
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Clinical Applications : : 

1. Detect foreign nucleic acid characteristic of infectious 
disease. ‘ 

2. Measure viral load in serial blood plasma specimens so 
that the efficacy of antiviral interventions can be moni- 
tored in infected patients. 

3. Selectively amplify DNA that has a particular tumor- 
associated gene defect, such as the JAK2 mutation 
characteristic of myeloproliferative neoplasia,” or the 
IGH::BCL2 translocation characteristic of follicular 
and large cell lymphoma subtypes. 

4. Measure tumor burden to monitor the efficacy of antican- 
cer therapy, for example, to quantify BCR::ABL/ tran- . 
script levels in serial blood collections from a patient with 
chronic myeloid leukemia. After treatment is complete, 
detect tumor markers to predict relapse of cancer before 
there is clinical or morphological evidence that minimal 
residual disease is present.’ 

5. Detect clonal immunoglobulin or T-cell receptor gene 
rearrangement characteristic of lymphoid leukemia or 
lymphoma, in contrast to the polyclonal gene rearrange- 
ments found in normal tissue or reactive lymphoid hyper- 
plasia. (Fig. 35—-6).® 

6. Inherited disorders, such as sickle cell anemia in a prena- 
tal specimen, can be tested for the causative mutation.” 

7. Characterize DNA polymorphisms for forensic purposes 
or to help resolve misidentified samples in the clinical 
laboratory. Polymorphisms are natural differences in 
nucleotide sequences that distinguish DNA of one person 
from another. A “DNA fingerprinting” test reveals a 
pattern of polymorphisms that is unique to each person, 
except identical twins. 


; 
be ADVANCED CONTENT 


i ; a 3 
| One cautionary note is that polymorphisms might interfere 


' with clinical molecular tests for disease-associated genes. 
| For example, a polymorphism at the site where a primer 
| should hybridize could yield false negative PCR results for 
{ a pathogen genome. To overcome this pitfall, it is prudent 
| to study the clinical performance of each laboratory test and 
to design additional confirmatory tests when indicated. 


Major Advantages 

¢ Extremely sensitive to low numbers of target sequences. 

e Specific for the target gene of interest, particularly if a 
confirmatory method is added such as an internal probe or 
downstream sequencing of the PCR product. 

¢ Abroad range of specimen types is suitable. 

e Small sample size requirement. 

¢ Relatively fast and inexpensive unless extensive postam- 
plification analysis is required. 


Major Disadvantages 

¢ Because the test is so sensitive to low levels of DNA tem- 
plate, extreme precautions are required to avoid contami- 
nation of samples or reagents by extraneous DNA. 


receptor gene rearrangement. 


¢ Contamination by the abundant products generated from 
previous reactions is a worrisome problem, 

© Meticulous care is required to maintain the integrity of 
each sample and reagent.'° 


Reverse Transcription Polymerase Chain Reaction 
(RT-PCR) 

The purpose of reverse transcription polymerase chain reac- 
tion (RT-PCR) is to detect RNA in a patient specimen to 
evaluate (1) expression of a particular gene product, (2) RNA 
viruses, or (3) low-level disease as RNA can be more abun- 
dant than the DNA from which it was encoded. 


Procedure 
First, RNA is extracted from tissue and a complementary 
DNA (cDNA) is produced by the enzyme reverse transcrip- 
tase in the presence of primers and deoxyribonucleotides 
(Fig, 35-7). The primers show the enzyme where to initiate 
DNA production. If these primers are composed of short 
random sequences, then the resultant cDNA represents all the 
RNAs in the sample, whereas a long sequence-specific primer 
‘ the particular RNA of interest. After CDNA produc- 
1, conventional PCR is carried out to amplify the cDNA 
ments of interest. 

le Requirements 

e sample types and sizes are the same as for PCR. 
easily degraded, samples must be processed 
eribed earlier, and controls are designed to 


ts 
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FIGURE 35-6 Lymphocyte clonality 6’ —_ y 
determined by polymerase chain reac: — at 
tion (PCR), A. The immunoglobulin kappa IGK gene eS 
light-chain gene (/GK) is rearranged J fearrangements - ore 
in every B lymphocyte so that the cell yary in length Nor 
can encode a unique antibody, Each sehr tig 
B cell rearranges its IGK gene differently, “ arrangements” 
and the size of the PCR product differs “engige ¢ 
among normal B cells, In contrast, all , we N7BV79 J2 53 54 JS 3! 
of a patient's malignant B cells con- 5 
tain the same /GK rearrangement. PCR , < 
using primers spanning the rearranged v40v41 J3 J4 JS B cof tumor teoue has @ 
gene segments helps distinguish Bcell mam 3' ignites ieee 
leukemia of lymphoma having mono- ahha 
clonal ONA from normal B cells having aaa _— 
polyclonal DNA. In an analogous way, j 
J Vv: J4 
every T-cell tumor has monoclonal T-cell —§' AB 2 3 ESA ney We mys 


Reverse transcriptase | 


a RNA 


BERBER EEEE complementary DNA 
1st cycle of PCR J i es 
oe 
unt ‘ Double-stranded cDNA 


——— ed 


2nd cycle of PCR | 


% AANA 
ee 


Repeated thermal cycles | 


~ a billion copies of target CDNA 


FIGURE 35-7 The reverse transcription polymerase chain reaction 
(RT-PCR) procedure is a method for detecting a particular RNA transcript. 
First, RNA serves as a template for construction of complementary DNA 
(cDNA) by the enzyme reverse transcriptase. Then routine PCR is done to 
amplify that sequence so that it may be measured or further analyzed. 
RT-PCR Is a sensitive, specific, cost-effective, and rapid means of evaluat- 
ing disease-associated RNA In a patient sample 


Clinical Applications 
1, Detect a tumor-specific translocation that encodes 
chimeric RNA transcribed across the translocation 


breakpoint fusing two genes. Examples of fusion 
transcripts detectable by RT-PCR are t(15;17) PML»: 
RARA; t(9;22) BCR: ABL1, (8:21) RUNAI -RUNXTI; 
t(2;5) NPMI::ALK; t(4;11) KM72A):AFF J, and inv16 
CBFB::MYH11,"' Compared with PCR, RT-PCR is often 
more robust for detecting these translocations since 
breakpoint cluster regions are narrower after the natural 
process of RNA splicing removes introns. Furthermore, 
RT-PCR can detect translocations that are cryptic by 


karyotype. 


2. Quantify minimal residual disease after cancer therapy 


using RT-PCR to amplify tumor-specific transcripts. 
This approach is used to monitor tumor burden and 
predict relapse of chronic myeloid leukemia, acute pro- 
myelocytic leukemia, and NPM/ mutant acute myeloid 
leukemias."? 


— 


erect a foreign organism using a probe largeting abun. 
* aantly transcribed sequences, such as EBER RNA amply 
made by the Epstein—Barr virus DNA genome," 
tect a virus having RNA genome, such ag human 
Pot unodeficiency virus (HIV), human T-lymphotropic 
virus type ! (HTLV 1), hepatitis C virus (HCV), or 
gARS-CoV-2."* 


or Advantages 
+ Same advantages as PCR, 


r Disadvantages 

, RNAis labile, so meticulous care is required to avoid 
degradation by RNases, 

» Precautions are required to avoid contamination of sam- 
ples or reagents by extraneous RNA, cDNA, or products 
from previous reactions. Physical separation of pre- and 
postamplification work areas is recommended, 


in Situ Hybridization to Tissue Immobilized 

on Glass Slides 

The purpose of in situ hybridization is to localize DNA or 
RNA, as visualized by microscopy, in cells, or tissue immobi- 
lized on a glass slide. 


Procedure 

Fresh cells placed onto coated glass slides are fixed by immer- 
sion in alcohol, whereas paraffin sections on coated slides are 
immersed in xylene to diminish the wax. Next, protease treat- 
ment permeabilizes cell membranes, allowing the target DNA 
or RNA to become accessible for hybridization. The slides 
are incubated for several hours in a mixture of labeled probes 
(complementary to the sequence of interest) at a temperature 
that optimizes hybridization. Unbound probe is washed away, 
and bound probe is then localized using a signal detection pro- 
cess. Counterstaining permits microscopic visualization of the 
target nucleic acid in the context of histologic features and 
cytological detail (Fig. 35—8).* 


o> 4 
The in situ hybridization technique permits visualization of 
Itissue sections on glass slides. in this example, hybridiza- 
ir Virus encoded RNA (EBER) transcripts reveals that the 
| ocalized to the nucleus of a Reed-Sternberg cell in 
np . in contrast, the background lymphocytes 
terstain. 
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Sample Requirements 
Samples prise of glass slides with cells isolated from a body 
fluid or sections from a block of formalin-fixed paraffin- 
embedded tissue, Decalcified tissue is generally not suitable if 
acid was used to soften bony material. 


Assay Time 
The process takes approximately 2 days. 


Sensitivity , ; 
Sensitivity is moderate, Theoretically, one target 1s sufficient, 
but in practice the signal-to-noise ratio is improved when 
there are multiple targets, 


Specificity 
Specificity is high. 


Cost per Test 
The cost per test is approximately $200. 


Clinical Applications 

1, Localize foreign organisms in relation to lesional cells. 
This is especially important for pathogens that might 
also exist as “normal flora,” such as HHV8, human 
papillomavirus, or Epstein-Barr virus.'¢ 

2. Detect and localize gene expression by targeting messen- 
ger RNA transcripts. For example, hybridization to kappa 
and lambda immunoglobulin light chain RNAs generates 
a cleaner histologic signal for lymphoid clonality than 
does immunohistochemistry for light chain proteins since 
those proteins are secreted from cells,'” 


Major Advantages 

¢ Permits visualization of target nucleic acid in the context 
of cytologic and histologic features. 

¢ Sensitive to low numbers of affected cells in the sample 
(even a single cell). 


Major Disadvantages 

© The assay is more robust when the target analyte is 
abundant (e.g., when there are multiple copies of 
Epstein-Barr virus or human papillomavirus genomes 
per infected cell),'* 


Fluorescence In Situ Hybridization 

The purpose of metaphase fluorescence in situ hybridiza- 
tion (FISH) is to detect and localize specific DNA sequences 
in metaphase chromosomes using a probe labeled in such 
a way that it fluoresces in response to an input light. In dual 
hybridizations, one probe might fluoresce green while another 
probe fluoresces red, thus allowing both gene targets to be 
localized for definitive identification of a chromosomal trans- 
location or deletion. 


Procedure 

Metaphase spreads of chromosomes are prepared on glass 
slides using the same methods that are employed in karyo- 
typing. The two chromosomal DNA strands are denatured 
(e.g., separated from each other) using heat or a strong 
base and then allowed to hybridize to a labeled probe com- 
plementary to the sequence of interest. Unbound probe is 
washed away, and bound probe marking the sequences of 
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interest is visualized as a bright dot by microscopy. Coun- 
terstaining permits simultaneous visualization of chromo- 
some morphology to further interpret medical significance 
of the result 


Sample Requirements 
Fresh cells that are capable of mitosis (e.g., cell division). 


Assay Time 
The process takes approximately | to 2 days 


Sensitivity 
Sensitivity is high (one target is sufficient). 


Specificity 
Specificity is high (long probes bind tightly and exclusively to 
their complementary DNA target). 


Cost per Test 
The cost per test is approximately $400. 


Interphase FISH Variation 

Interphase FISH is done on intact cell nuclei or on a paraffin- 
embedded tissue section immobilized on a glass slide. Prote- 
ase treatment removes protein so that long probes can more 
readily diffuse to bind their complementary target sequence 
inside the nucleus. The slide is visualized by microscopy so 
that the number and pattern of signals in each nucleus can be 
interpreted in the context of histomorphology. 

In healthy cells, there are two copies of each gene (one 
inherited from the mother, the other from the father), 
whereas fewer or more gene copy numbers characterize an 
inherited disease having germline variants that the patient 
was born with or that characterize a tumor having somatic 
variants acquired in neoplastic cells that proliferate uncon- 
trolled. Interphase FISH is used to count gene copy number 
that confers prognosis in cancers like myeloma or chronic 
lymphocytic leukemia. Interphase FISH performed with 
two probes on either side of a structural break in DNA can 
confirm translocation partners such as /GH::MYC in Burkitt 
or in large cell lymphoma and to further test for coexist- 
ing JGH::BCL2 or IGH::BCL6 implying diagnosis of an 
aggressive double-hit lymphoma.” In suspected chronic 


myeloid leukemia, FISH is the single best test to ev aluate if 


BCR::ABLI translocation is present.” 


Clinical Applications 

1. FISH uses fluorescent probes to detect DNA alterations 
and specific RNA targets used for genetic counseling, 
diagnosis, and treatment options. 


Major Advantages 

e FISH permits visualization of target DNA in the context 
of karyotypic visualization of metaphase chromosomes 
to help identify structural alterations that are difficult to 
define by karyotype alone. As an example, DiGeorge 
syndrome is characterized by a tiny deletion within chro- 
mosome 22 that is detectable by FISH but is difficult to 
visualize by karyotype (Fig. 35-9). 

Major Disadvantages 

@ Metaphase analysis requires live cells, so fresh specimens 

must be promptly transported to the laboratory. 


FIGURE 35-9 Fluorescence in situ hybridization (FISH) supports diagnosis 
of DiGeorge syndrome, a congenital immunodeficiency caused by partial 
deletion of chromosome 22. In the example shown here, bright fluores 
cent signals identify the two number 22 chromosomes from among the 
46 chromosomes in a cell. The DiGeorge probe and a control probe are 
visible on the normal chromosome 22 (lower left); however, only the con- 
trol probe is seen on the other chromosome 22 (upper right) consistent 
with a deletion of target DNA. (Photomicrograph courtesy of Kathleen 
Kaiser-Rogers, PhD, University of North Carolina.) 


e Visualization of fluorochromes requires a microscope with 
a specialized light source, and the signal fades with time 


DNA Sequencing 
DNA sequencing is incredibly powerful for revealing medi- 
cally relevant variants across large swaths of genomes. Gener- 
ating the nucleotide sequence of dozens to millions of selected 
gene regions in a patient specimen yields a catalog of vari- 
ants, including single nucleotide variants (SNYVs, also called 
ulso called indels or 
iants (e.g., transloca- 


point mutations), insertions or deletions ( 
copy number variants), and structural! y 
tions). By comparing a patient’s variants to sequences found 
in healthy and diseased cohorts, the jical significance of 
each variant is interpreted 
Procedure 

In massive parallel sequencing 
sequencing or NGS), multiple 


o called NextGen 
of DNA are pulled 


out of the DNA specimen to enrich gene regions of inter- 
est by PCR-amplification with or witi irst capturing tar- 
get DNA fragments using probes. Additional sequences are 
incorporated on both ends of the P cons to (1) immo- 
bilize amplicons on a surface within a sequencer instrument 
and (2) distinguish one patient fro other and optionally 
one natural molecule from anothe batch sequencing 
of many different molecules from different patients is feast- 
ble in a single sequencing run, Within the sequencing instru- 
ment, each specimen-specific “library” of amplicons 1s then 


copied, and a detector tallies which nucleotide was incorpo 


rated next as DNA polymerase proceeds to sequentially add 


—— 


nucleotides. The same library of amplicons is Copied again 
and again during additional sequencing cycles, generating 
millions of “reads that are aligned to the reference genome 
to identify their gene region. Differences from the reference 

yence are cataloged in a “variant call file.” A fier filtering 
gut noise and population polymorphisms, the clinical signif- 
icance of the remaining variants is interpreted in light of the 
input specimen, quality metrics such as “depth of coverage” 

a given locus, known disease associations, and the clinical 


tatus of the patient.***4 


a mple Requirements 
Suitable sample types and sizes are the same as for PCR. 


Assay Time 
The process takes approximately 5 days. 


Sensitivity ‘ 

Sensitivity is high. In practice, detection of one in 100 cells is 
typically achievable. 

Specificity 

5 specificity is highest among all tests. 


Cost per Test 
The cost per test is approximately $2,000 if one sample plus 


controls are analyzed, less if samples are batched. 


Variations 
RNAseq Variation Sequencing RNA helps classify disease and 


predict its behavior in response to therapy by revealing expres- 
sion profiles of multiple RNA transcripts. In this procedure, 
extracted RNA from a patient specimen is reverse transcribed 
to make cDNA, which in turn is sequenced using the same pro- 
cedure described earlier for DNA sequencing. Results show the 
extent to which each gene is overexpressed or underexpressed, 
The pattern of expression across thousands of genes is matched 
to a database of known patterns for purposes of classifying the 
disease. For example, in diffuse large B cell lymphoma, RNA 
expression profiles help assign the cell of origin, which has 
prognostic utility. 

Also identified by RNAseg are structural changes in 
RNA that predict response to therapy, such as RNA splice 
aberrations predicting efficacy of splicing inhibitor drugs in 
myelodysplastic syndrome or PML-RARA fusion transcripts 
predicting response to retinoic acid inhibitors in acute promy- 
elocytic leukemia. 

Compared with RT-PCR or in situ hybridization, RNAseq 
evaluates thousands of analytes at once to bolster confidence 
in disease classification. Furthermore, studying aberrant bio- 
i pathways allows us to better understand disease 
uhogenesis and selection of therapy to thwart relevant 
chemical pathways. 


juencing Variation Sanger sequencing was the 
d molecular method for many decades before 
(NextGen) sequencing proved to be more 
vel variants and more broadly informative 
evertheless, Sanger sequencing is still used 
onable results of other gene tests. It is also a 

hod of sequencing when only one or two 
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variants require testing. For example, once the gene variants 
of a patient with beta thalassemia are identified by massive 
parallel sequencing, other family members can be tested for 
the particular familial mutations by Sanger sequencing. 

In the Sanger procedure, PCR enriches a segment of the 
genome, then DNA polymerase copies those amplicons start- 
ing at a bound primer. The size of the resulting copy is linked 
to whether A, T, G, or C was just incorporated. Gel electro- 
phoresis separates the copies by size to reveal their nucleotide 


sequence. 


Clinical Applications 2 
1. Detect mutations of the HBB (beta-globin) gene to help 


diagnose beta-thalassemia, to predict disease severity, 
and to detect thalassemia carriers at increased risk for 
having an affected child. Online information about this 
and other tests for heritable disorders is found in The 
Genetic Testing Registry at https://www.ncbi.nlm.nih. 
gov/gtr. 

2. Study familial predisposition to hematologic malignancy.** 

3. Sequence the commonly mutated genes associated with 
myeloid neoplasia to assist in diagnosis, prognosis, 
predicting response to therapy, and monitoring affected 
patients.° 

4. Sequence the kinase domain of ABL] DNA to predict 
drug responsiveness or resistance in patients with chronic 
myeloid leukemia treated with kinase inhibitors.”’ 

5. Perform HIV genotyping to predict which drugs will be 
effective based on the spectrum of mutations present in 
the viral genome.”* 


Major Adtvantaces 

e In many diseases, mutation sites vary among affected 
patients, and DNA sequencing can evaluate all relevant 
genomic regions in a single assay. 

© Sequencing is considered the gold standard assay for 
characterizing heritable or somatic variants in the human 
genome. 

* Identify pathogens across all species and genera (e.g., the 
microbiome) to predict outcome of hematopoietic cell 
transplantation.” 


Major Disadvantages 

e Expensive with a longer turn-around time and greater 
requirement for professional expertise than simpler or 
more automated gene technologies.” 


NN ee 
CRITICAL THINKING QUESTION 
35-3 Whats often the greatest preanalytical and analytical 
concern with nucleic acid analysis? 


Future Prospects of Molecular Assays 


Molecular technology is a powerful tool in clinical laborato- 
ries. In the coming years, we expect technological improve- 
ments to yield faster and less-expensive methods of nucleic 
acid analysis. At the same time, new discoveries related to 
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the genetic basis of human disease are fostering develop- 
ment of even more tests for a wider range of disease states. 
Moreover, tailored treatment is now chosen based on phar- 
macogenetic tests that assess patient DNA to predict which 


SUMMARY CHART 


e Deoxyribonucleic acid (DNA) is a double-stranded 
molecule composed of long sequences of nucleotides. 
In the laboratory, the two strands of DNA can be dena- 
tured into single-stranded components. 

e¢ ADNA probe is a segment of single-stranded DNA that 

is complementary to the target sequence of interest. 


e All nucleated cells of the body contain the same set of 
genes, although any given cell expresses only a small 
fraction of those genes. 


e Genetic variants found in inherited diseases and cancer 
can be detected by a molecular assay. 


e Each species of infectious organism shares unique 
genomic sequences, and molecular tests can detect the 
genomes of foreign pathogens in human tissues. 


e DNA or RNA is the substrate for molecular tests. 
DNA and RNA can be extracted from any tissue or 
body fluid. 

e Polymerase chain reaction (PCR) is a method of DNA 
amplification that is capable of producing | billion 
copies of a particular segment of double-stranded 


A 45-year-old male had liver cirrhosis, diabetes, high serum 
ferritin, and high transferrin saturation. He was diagnosed 
with hemochromatosis, a disease characterized by high iron 
that can damage organs and cause cirrhosis and diabe- 
ate the underlying cause of his disease, a blood 
ormed for mutation of the HFE gene responsi- 
st in part, for hereditary hemochromatosis. In his 
n in Figure 35-5, PCR and melt curve analysis 


al inheritance). The mutant HFE 
HFE protein (amino acid substi- 
ing him to iron overload via 
his diet. He was treated with 
ng intentional blood loss) 
ed to the normal range. He 


tS 


ee 


drug is most likely to be effective or least likely to cay 
adverse side effects. It seems likely that this technology shes 
revolutionize laboratory diagnosis and management of pie 
diseases. y 


DNA, rendering exquisite sensitivity to detect low- 

levels biomarkers. 

e Real-time polymerase chain reaction can quantify a 
particular DNA target to serve as surrogate for the 
extent of tumor burden or viral load. Thus, the efficacy 
of therapy can be monitored in serial specimens from a 
patient by measuring a disease-specific genetic marker, 

e By combining PCR with melt-curve analysis in a real- 
time PCR instrument, rapid detection of a sequence 
variant is feasible. 

e RNAcan be converted to cDNA, then amplified by 
PCR and further analyzed. 

e In-situ hybridization is a means of localizing target 
DNA or RNA to a particular cell or tissue structure 
visualized by microscopy. 

e Fluorescence in situ hybridization uses labeled probes 
to visualize a particular segment of DNA within whole 
chromosomes. 

e DNA sequencing is considered the gold standard assay 
for defining genetic variants. 


QUESTIONS 

1. What was the benefit of adding mo!ecular testing to this 
patient’s clinical evaluation? 

2. How might family members use this information? 


ANSWERS 

1, Without the analysis for the HF gene, the physician 
would not know conclusively the underlying cause for 
the patient’s hemochromatosis. Additionally, the results 
provide an opportunity for useful genetic counseling for 
the patient and their family members 

Blood relatives of an affected family member can be 
counseled about the risks and benefits of testing for 
disease-related familial mutation(s). PCR with melt 
cure analysis is a cost-effective choice to detect a point 
mutation such as the HFE 845G>A mutation. DNA 
findings can be predictive of future disease so that 
disease prevention strategies can be considered. 


REVIEW QUESTIONS 


1. All assays using nucleic acid probes rely on which of 


the following principles? 

a, DNA is different in every cell of a particular 
individual, 

b. A probe hybridizes to its com 

c, Heat or high pH converts single-stranded to 
double-stranded DNA, 

d. Probes bind to RNA rather than DNA, 


2, Which of the following procedures js used to convert 
double-stranded DNA into two single Strands? 
a. Heat DNA to 95°C 
b. An acid pH solution 
c. DNA polymerase 
d. Reverse transcriptase 


3. Which of the following steps is part of a massive 
parallel sequencing procedure? 
a. Color precipitation 
b. Immobilize tissue sections 
c. Library preparation 
d. Spread metaphase chromosomes 


4, Which of the following enzymes can copy DNA? 
a. EcoR| 
b. DNA polymerase 
c. Ethanol 
d. Formalin fixative 


5, Which of the following substances is most likely to 
become degraded in a patient sample stored at room 
temperature overnight? 

a. RNA 
b. Lipid 
c. Amino acid 
d. DNA 


6. Which of the following probes would be 
most appropriate for an assay in which you 
want to target the following DNA sequence, 
5’-AAAGGGTCTCTCT?T1GGG-3? 

a. 5°-AAACCCCTCTCTCAAAGGG-3° 
b. 5-TTTCCCAGAGAGAAAACCC-3’ 
€. 5S’-CCCAAAAGAGAGACCCTTT-3" 
d. 5-GGGAAACTCTCTCCCCAAA-3’ 


7. Which statement accurately describes the polymerase 

chain reaction (PCR)? 

4. It is a method for amplifying a particular segment 

_ of DNA. 

). The function of a primer is to cut DNA into many 

fragments, 

labor-intensive and expensive compared with 
oi 

d time is rapid since no probes are 


plementary sequence, 
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. In addition to patient samples, every PCR run includes 


a control sample containing all of the reagents neces- 

sary for DNA amplification except for target DNA. 

How is this “no template” control used? 

a. To ensure that no reagent was left out of the reaction 

b. To ensure that there are no inhibitors of DNA 
amplification 

c. To show that PCR products can be generated 

d. To check for contamination by extraneous DNA 


. Which reagent is most critical for designing a real- 


time PCR assay that measures BCR::ABL/ as opposed 
to PML::RARA translocation? 

a. Primers 

b. DNA polymerase 

c. Magnesium chloride 

d. Deoxyribonucleotides 


. Which concept best distinguishes polymerase chain 


ll. 


12. 


reaction (PCR) from reverse transcription PCR 

(RT-PCR)? 

a. The forward versus reverse direction of strand 
synthesis 

b. DNA polymerase versus RNA polymerase cata- 

lyzes the reaction 

. Generate a DNA product versus an RNA product 

d. Patient DNA versus RNA is the substrate for the 
reaction 


Q 


Which of the following statements is accurate concern- 

ing the in situ hybridization procedure for analyzing 

paraffin tissue sections immobilized on glass slides? 

a. DNA or RNA is localized in the context of histo- 
logic and cytologic features. 

b. Restriction fragment length polymorphisms are 
amplified. 

c. Since the human genome is in every cell, only 
microbes are usefully targeted 

d, Formalin fixed tissue interferes with hybridization, 
but frozen tissue is suitable 


In situ hybridization is most effectiy ely used to do 

which of the following steps? 

a. Localize beta-globin protein in a tissue section 

b, Find clonal rearrangement of the JGH gene 

c. Localize Epstein-Barr virus to malignant cells 

d. Resolve which patient is the source for a misidenti- 
fied specimen 


Which assay is most sensitive for detecting mini- 
mal residual disease in a patient treated for chronic 
myeloid leukemia? 

a. Karyotype 

b, Reverse transcription polymerase chain reaction 
c, Fluorescence in situ hybridization 

d, Light microscopy 


Continued 
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REVIEW QUESTIONS—cont' d 


RE 
iE 


14. Molecular probes can be used to speciate infeetious 
agents in patient samples primarily because: 
a, Probes targeting pathogens never cross-react with 


human genomic DNA. 


b. Drug resistance factors differ in each species. 
c, Each species shares unique sequences that differ 


from those of other species. 


d, Dividing organisms often acquire genetic 17 


mutations. 


15. 


anemia? 
a. In situ hybridization 


Which assay is most appropriate for routine clinical 
detection of the mutation responsible for sickle cell 


b. Fluorescence in situ hybridization 


c. Gene expression profiles by RNAseq 


16. 


Which of the following specimen types is most en 
for DNA extraction? 
a. EDTA anticoagulated blood sample 


bust 


b. Residual protein remaining after hemoglobin 


electrophoresis 
c. Serum collected via clot activator tube 


d. Whole blood collected without anticoagulant 


In the future, nucleic acid analysis is predicted to: 


a, Slow innovation of novel technologies 


b. Become more expensive 
c. Become more focused on tailored pharmacoge- 
netic treatments 


d. Become restricted to a smaller range of diseases 


d, Polymerase chain reaction with melt-curve analysis 
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"Answers to Chapter Critical Thinking Questions 


chapter 1: Morphology and Maturation of Human Blood 

Cells: Hematopoiesis 

1.1 Neutrophils are a type of white blood cell that is important for 
combating bacterial infections. An increase in the production and 
release of neutrophils, also known as neutrophilia, is a common 
porous? becteriel infections. Additionally, an increase in band 
neutrophils, which are immature forms of neutrophils, may be 
observed. This is often referred to as a “left shift” in the white blood 
cell count and can indicate an acute infection. 


4-2 Reduction of nuclear size; condensation of chromatin; change in 
nuclear shape; appearance and disappearance of primary granules; 
ce of secondary granules; color changes in cytoplasm; and 

change in overall size of cell. 


3-3 CSFs play a crucial role in supporting and enhancing the 
body’s immune response, particularly in situations where the 
jmmune system is compromised due to cancer, immunodeficiency 
syndromes, or anemia. These patients lack the production of 
certain blood cell lines. Introduction of CSFs can stimulate 
cellular proliferation so these patients can replace affected cell 
populations. 

1-4 Determining cell surface markers provide valuable insights into 
the composition of cell populations and aids in the understanding 
and management of various disease states. 


Chapter 2: The Red Blood Cell: Structure and Function 

2-1 Glycophorin is responsible for maintaining the red blood cell’s 
net negative charge and is often a site of antigen attachment. 
Spectrin is critical for red blood cell membrane integrity and its 
deformability. 

2-2 Control of ion permeability is linked to the regulation of cell 
volume. Maintaining a stable cell yolume is essential for the proper 
function of red blood cells. Dysregulation of ion permeability can 
lead to swelling or shrinkage of the cells, affecting their ability to 
transport oxygen and carbon dioxide efficiently. 


2-3 The cells can compensate by shifting the oxygen dissociation 
curve to the right, making RBCs more efficient in oxygen 
delivery. 

24 RBCs are anucleated, limiting their metabolic processes. They 
do not contain a mitochondria! apparatus. Additionally, the main 
function of the RBC is to deliver oxygen, not to consume it. 


Chapter 3: Bone Marrow St cture and Function 

3-1 No, an increased neutrophi! concentration alone would not 
typically indicate an immediate need for a bone marrow study. 
Neutrophilia, or an elevated neutrophil count, can be a normal 
Tesponse to various conditions, such as infections, inflammation, 
Stress, or certain medications. In many cases, neutrophilia is a part 
of the body’s natural immune response. 

3-2 Bone marrow needs to be evaluated and slides need to be made 
immediately while the marrrow sample is fresh and unclotted. 


33 The significance of the Prussian blue stain for bone marrow 
Samples lies in its ability to identify and characterize iron stores 
within cells, specifically in the form of ferric iron or hemosiderin. 

¢ Prussian blue stain is highly sensitive to iron, and it specifically 
Slains ferric iron deposits blue, providing valuable information 
iron stores in the bone marrow. 


Chapter 4; Examination of the Peripheral Smear: Red Cell, 

White Cell, and Platelet Morphology 

4-1 The number of CBC samples that require manual blood smear 
review is 10% to 25%, and the accurate review of blood smears 
remains a crucial diagnostic aid for patients. 

4-2 It is vital that oil immersion is utilized to identify key cellular 
characteristics such as nuclear chromatin pattern that is only seen 
clearly under oil immersion 100% magnification. The 40% scan 
allows for a broader evaluation of more cells, which allows the 
morphologist to evaluate for distribution of findings across many 
or only a few cells for adequate grading. 

4-3 Ensure that the blood smear is properly prepared. Rouleaux 
formation is typically reversible when the sample is diluted. Adding 
saline or another diluent can disperse rouleaux, indicating that it’s 
an artifactual phenomenon. True agglutination is usually seen 
as clumps of cells under the microscope. Consider the patient's 
clinical condition and repeat the testing with a fresh sample. 


4-4 Anemia can cause red blood cells (RBCs) to be hypochromic due 
to a decrease in the concentration of hemoglobin within the cells. 
Hemoglobin is responsible for giving RBCs the pink-red color; 
therefore, a low amount of hemoglobin will result in lighter colored 
cells upon staining, which may be indicated by a larger than normal 
central pallor. 


4-5 Schistocytes are fragmented red blood cells that can be observed 
on a peripheral blood smear, and their presence is often associated 
with hemolytic processes. The term “schistocyte” is derived from 
the Greek word “schistos,” meaning split or cleft. These abnormal 
RBC fragments can be a result of mechanical damage to red blood 
cells within the circulation. 


4-6 Ifa clotted blood sample is submitted for a complete blood count 
(CBC), it is more likely to result in a falsely decreased platelet 
count rather than an elevated one. The process of clotting can lead 
to platelet activation and consumption within the clot, resulting in 
a lower platelet count in the liquid portion of the sample. On a 
peripheral blood smear prepared from a clotted sample, you might 
observe platelet clumping, where platelets are aggregated together, 


Chapter 5: Quality Management In the Hematology 
Laboratory 


5-1 You could share with your friend that every laboratory has 
a systematic plan for quality. There are measurements taken 
throughout each day to provide confidence in patient results. No 
new method, analysis, or instrument is implemented without quality 
experiments. Additionally, laboratories are regulated by governing 
bodies that provide metrics with which all testing and policies must 
uphold. All of these elements work together to provide assurance 
to physicians, other health-care professionals, and the public that 
results are of the highest quality. 

5-2 Interference experiments introduce realistic interference substances 
into the testing environment (¢.g., lipemia and hemolysis) at varying 
concentrations to determine concentrations of validity when they are 
present in patient samples. With replication experiments, we can Tepeat 
samples until we demonstrate reliable precision over short- and long- 
term runs by observing the same or a very close result over and over. 


5-3 A delta check signifies a significant change in a patient’s results 


from the current run to the last reported run, This can indicate an 
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interfering substance like lipemia or hemolysis, an instrument 
issue, or a true change in the patient’s status. When evaluated, delta 
checks provide a rich internal quality assurance indicator. 


Chapter 6: Anemia: Diagnosis and Clinical Considerations 


6-1 The reference ranges for each laboratory depend on the institution 
or medical center and the population of patients they serve. 


6-2 The RBCs, white blood cells, and platelets; a pancytopenia. 


6-3 Thereticulocyte count would be decreased in iron deficiency anemia 
and megaloblastic anemia as a result of ineffective erythropoiesis. 


6-4 Hemoglobin, hematocrit, RBC indices, RBC count, reticulocyte 
count, and examination of the peripheral smear. 


6-5 Because anemia is treated according to its cause(s), the cause 
should be considered and determined before beginning either 
supportive therapy (such as a transfusion) or replacement therapy. 
Transfusions can obscure and confuse the findings of diagnostic 
tests in patients with anemia. It is important that a diagnosis be 
made, if at all possible, before transfusions are given. 


Chapter 7: Iron Metabolism and Hypochromic Anemias 

7-1 Of course, as patients begin to respond to therapy their RBC, HGB, 
and HCT values will begin to increase, and RBC indices will start to 
normalize. Increased reticulocyte numbers, seen as polychromasia 
on the peripheral blood smear and reticulocyte corpuscular 
hemogobin (CHr), are early indicators of a positive erythropoiesis 
response. The vast majority of iron is absorbed in the duodenum and 
first portion of jejunum. If either are removed, an individual could 
lack appropriate absorption sites. This could lead to developing iron 
deficiency anemia and other nutritional deficiencies. 

7-2 The body’s regulation mechanisms for iron trigger the liver to 
increase production of transferrin when iron serum levels begin to 
decline, resulting in more binding sites available. 

7-3 Inflammatory conditions may cause leukocytosis. Specifics of a 
particular inflammatory condition may influence the white blood 
cells in a number of different ways. 

7-4 Basophilic stippling is a classic finding with lead toxicity, which 
is a cause of sideroblastic anemia. Lead prevents the breakdown 
of RNA in reticulocytes, and leads to the grouping of undegraded 
ribosomes, causing basophilic stippling. Basophilic stippling can be 
seen in a variety of anemias, but it is most prevalent when associated 
with sideroblastic anemia, due to the effects of lead poisoning. 


Chapter 8: Megaloblastic Anemias and Other Macrocytic 


Anemias 
8-1 Megaloblastic anemia is defined as an anemia due to impaired 
DNA synthesis. Because all the different types of blood cells derive 
from nucleated pluripotent hematopoietic stem cells, it follows that 
any impairment of DNA synthesis will affect all blood cell types 
(as well as other cells of the body), resulting in decreased numbers 
of WBC, RBC, and platelets. Additionally, there is the destruction 
of cells in the marrow due to dyspoiesis. Yes, because the patient 
_ has significantly lower red blood cells, they present with fatigue, 
or, and weakness due to the anemic state. 


olic acid has a higher turnover in the body and a higher rate 
s compared with vitamin B,,. More demographic groups 
risk of not getting enough folic acid, including people 
in poverty, pregnant women, lactating women, elderly 
eople with alcoholism, and individuals with chronic 
In addition, individuals who overcook their food may 
e folic acid, as it is not resistant to heat. Additionally, 
age rate is high, and it takes several years for a 
p vitamin B,, deficiency as a result of decreased 


is most often caused by malabsorption, while 
is most often caused by nutritional deficiency, 
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Knowing the difference can aid diagnosis because peripher, 
findings for both are often similar, making the critical analysig e 
patient history important. In addition, treatment choice and duratic 
will vary significantly depending on the cause, and the pie 
may be a comorbidity or secondary to another disease ens 
(myelodysplastic, leukemia, alcoholism, and genetic Mutation, to 


name a few). 


Chapter 9: Hemolytic Anemias: Intracorpuscular Defects. 

Hereditary Defects of the Red Cell Membrane 

9-1 The diagnosis of hemolytic anemia involves a systematic 
approach that includes clinical evaluation, laboratory tests, anq 
sometimes additional diagnostic procedures. Figure 9-2 outlines 
one flow chart and suggested steps to follow. The cause of 
hemolysis should be determined. A Coombs’ test can determine 
an immunological cause. Nonimmunological causes consist 
of morphological abnormalities found on examination of the 
peripheral smear. Hemolytic anemias often show features such as 
schistocytes (fragmented cells), spherocytes, and polychromasia. 
A medical history, including symptoms such as fatigue, pallor, 
jaundice, dark urine, and an enlarged spleen should be taken, and a 
physical examination performed. Then family history and pertinent 
confirmatory tests will help make a definitive diagnosis. 

9-2 Genetic mutations alter either the amount or function of cellular 
proteins. Alterations change the integrity of the red blood cell 
membrane and alter the cell’s morphology. Typically affected 
proteins include spectrin, anion exchanger | (AE1), Ankyrin, and 
Protein 4.1R. 

9-3 Jaundice, anemia and splenomegaly. Jaundice would be caused 
by increased levels of bilirubin circulating in the patient. Anemia 
is caused by the increased destruction of red blood cells. The 
condition is characterized by the presence of spherocytes which 
are less deformable than normal disc-shaped RBCs. An enlarged 
spleen would be caused by the organ’s increased load sequestering 
frail red blood cells from circulation because of their abnormal 
membranes. 


Chapter 10: Hemolytic Anemias: intracorpuscular Defects: 

Hereditary Enzyme Deficiencie: 

10-1 G6PD deficiency causes premature destruction of cells through 
intravascular, acute hemolysis. Fragmented cell structures such as 
bite- or helmet-shaped cells may be present in peripheral blood, 
indicating early destruction of red blood cells. 

10-2 PK deficiency causes extravascular hemolysis, in which the 
spleen removes affected cells. This is evidenced by anemia, rapid 
increases in reticulocyte counts, nucleated red blood cells, and 
polychromatic red blood cells, all indicating prolonged peripheral 
circulation of deficient cells. 


10-3 The enzyme activity is only decreased in hereditary conditions. 
Chapter 11: Hemolytic Anem »ypuscular Defects: 
The Hemoglobinopathies 

11-1 Many of the unstable hemoglobins have high oxygen affinity 
and, therefore, may not cause anemia, making diagnosis in this 
group of patients particularly difficult. 

11-2 In sickle cell trait, the heterozygous form of the disease, 
individuals inherit both a normal B-globin gene and a sickle globin 
gene (8°). As a result, individuals with sickle cell trait produce 
both normal HbA and HbS, with a predominance of HbA in an 
approximate ratio of 60:40. Additionally, cells that are homozygous 
for hemoglobin s sickle when the oxygen level is decreased to 
4% to 6% whereas cells heterozygous for hemoglobin s (sickle cell 
trait) won’t sickle until the oxygen level is decreased to 2%. 


11-3 Electrophoresis is part of a comprehensive approach to the 
diagnosis of hemoglobinopathies, often used alongside other 
techniques such as high-performance liquid chromatography 


——— 


a 


LC) and molecular testing. Combinin multi 

Gr nces the accuracy and reliability “of divicdiegrots 
horesis not only identifies the Presence of abnormal 

Femoglobins but also allows for the quantification of different 

hemoglobin fractions, This is essential for assessing the relative 

amounts of normal and abnormal hemoglobins, 


Chapter 12: Hemolytic Anemias: Intracorpuscular Defects: 


Thalassemia 
1 The hemoglobinopathies are a result of a ualitativ i 
er op chains caused by a change in the anit acid pre of 
the globin chain. The amount of globin chains is normal, but the 
Jobin chains do not function normally, The thalassemias are a 
result of a quantitative change in globin chains, The globin chains 
are structurally normal, but the amount and ratios of globin chains 
are abnormal. 


12-2 While a definitive diagnosis of Thalassemia often requires 
additional laboratory tests, such as hemoglobin electrophoresis or 
DNA analysis, etc., a trained lab scientist ¢xamining a peripheral 
blood smear can observe certain morphological features that 
may raise suspicion of thalassemia. These include: microcytic 
hypochromic RBCs, target cells, anisopoikilocytosis, nucleated 
RBCs, and basophilic stippling (not specific to thalassemia). It’s 
im t to note that while peripheral blood smear analysis can 

vide valuable information, it is not sufficient for a definitive 
diagnosis of thalassemia. Confirmatory tests are typically required 
to identify the specific hemoglobin variants associated with 
thalassemia. 

12-3 Because the beta thalassemias are the result of genetic 
mutations, and almost 400 different beta thalassemia mutations 
exist, different combinations of mutations seen in patients lead 
to a spectrum of different clinical presentations. To simplify 
the disorders, we categorize them into beta thalassemias major, 
intermedia, and minor. 

12-4 The thalassemias classically present with decreased MCV, MCH, 
and possible decreased MCHC, with a normal RDW. The MCV is 
disproportionately low compared with the hemoglobin and hematocrit 
values. The RBC count is increased relative to the hemoglobin value 
which is due to the presence of a higher number of smaller red blood 
cells, compensating for the decreased hemoglobin content per cell. 

12-5 Thalassemia minor and iron deficiency anemia may initially 
present with similar hematologic findings, including decreased RBC 
indices, microcytic, hypochromic red blood cells, ovalocytes, and 
target cells. However, it is essential to differentiate the two disorders 
using iron studies and possibly hemoglobin electrophoresis in order 
to avoid unnecessary treatment of iron supplementation. A patient 
who is inappropriately given iron supplementation is at risk of iron- 
overload and subsequent complications. 


Chapter 13: Rare Nore ytic Normochromic Anemias: 
Aplastic Anemia and %' sted Disorders and Paroxysmal 
Nocturnal Hemoglobin) « 

13-1 Aplastic anemia is a disorder characterized by a reduction in the 
number of hematopoietic stem cells in the bone marrow, leading to 
a decrease in the production of all blood cell types, including red 
blood cells, white blood cells, and platelets, The reticulocyte count, 
which reflects the rate of red blood cell production, is typically low in 
aplastic anemia because it cannot produce RBCs as a normal BM can, 

13-2 Aplastic anemia is characterized by a failure of the bone marrow 
to produce an adequate number of blood cells, whereas PNH is 

ized by complement-mediated hemolysis of red blood 
Cells due to a genetic mutation affecting the cell membrane. 


Chapter 14: Hemolytic Anemias: Extracorpuscular Defects 


141 Increased levels of bilirubin and lactate dehydrogenase 
(LD), along with a positive direct antiglobulin test (DAT), are 
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indicative of hemolytic anemia vets by co herpseretl ose 
Bilirubin is a by-product of hemoglobin catabolism, whi 

when red bfoad ye lyse and hemoglobin is released. Lactate 
dehydrogenase (LD) is an enzyme found in various tissues, 
including red blood cells. LD increases because it is released from 
the red cell during hemolysis. , 

14-2 ABO blood group antibodies include IgM class antibodies which 
trigger intravascular hemolysis due to complement, where other 
blood groups antibodies are more often IgG, leading to sensitization 
of red blood cells and extravascular hemolysis. 

14-3 Sph in the peripheral blood smear is a strong indicator 
of aciiicaia? seh sats These cells have lost their biconcave 
shape and are now shaped like a sphere. This can happen when 
there has been damage to the red blood cell membrane such as seen 
when the spleen has attempted to pluck it out of circulation due to 
sensitization. 


Chapter 15: Anemia Associated With Systemic Diseases 

15-1 You would expect the ESR to be increased in anemia of chronic 
kidney disease because of increased inflammation. 

15-2 No. The decreased number of reticulocytes observed in 
hypoproliferative anemias corresponds with a decreased amount of 
polychromasia observed on a blood smear. 


Chapter 16: Benign White Blood Cell Disorders 

16-1 The increased epinephrine will allow the marginating pool 
of neutrophils to merge into the circulatory pool. Therefore, 
increasing the circulating number of WBCs counted for the 
CBC, 

16-2 Yes. IM is transmitted orally, so any shared mouth device can 
transmit the virus. 

16-3 Yes. Reactive lymphocytes, also known as atypical lymphocytes 
can be observed on a peripheral blood smear of a patient infected 
with cytomegalovirus (CMV). 


Chapter 17: Introduction to Leukemia and the Acute 

Leukemias 

17-1 Acute leukemia tends to have a sudden onset and can have a 
rapidly fatal clinical course if left untreated. It can present with 
pancytopenia or with marked leukocytosis with circulating blasts. 
Chronic leukemia tends to have an insidious onset and indolent 
clinical course. Many times, it is found incidentally when evaluation 
for unexplained or persistent leukocytosis. In acute leukemia the 
cells present are immature cells with a marked increase in blasts 
(>20% blasts). Chronic leukemia is characterized by markedly 
increased number of mature forms. 


17-2 Patients with acute leukemia tend to present with anemia and 
thrombocytopenia. The white blood cell count can be decreased or 
markedly increased with circulating blasts present. 


17-3 Although the FAB classification required 30% blasts for the 
diagnosis of AML, the newer WHO classification requires 20% 
blasts. The WHO classification is now standard for diagnosis of 
AML. 


17-4 A bone marrow biopsy should be done. The aspirate obtained 
during the bone marrow procedure should be sent for flow 
cytometry analysis to help differentiate between acute myeloid 
leukemia and acute lymphoblastic leukemia. Cytochemical stains can 
also be helpful in differentiating between myeloid and lymphoid 
origin, FISH, cytogenetics studies, and molecular studies should 
be obtained to help classify acute leukemia based on cytogenetic 
abnormalities and to evaluate for mutations with potential treatment 
implications, 

17-5 Yes, AML with t(8;21), AML with inv(16) or t(16;16), and 
acute promyelocytic leukemia with t(15;17) are considered acute 
leukemia regardless of the blast percentage. 
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Chapter 18: Myeloproliferative Neoplasms |: Chronic 
Myelogenous Leukemia 
18-1 The stem cells responsible for myeloid cell production include 
the Myeloid stem cell, which gives rise to the CFU-GEMM (colony 
forming unit — granulocyte, erythrocyte, megakaryocyte, and 
monocyte) stem cell. The CFU-GEMM supports the production of 
| the CFU-G (colony forming unit-granulocyte), the CFU-M (colony 
! forming unit-monocyte), the CFU-EO (colony forming unit- 
eosinophil), and the CFU-BASO (colony forming unit-basophil). 
) The myeloid stem cell and CFU-GEMM are multipotential stem 
cells and specific cell lineage lines are targeted by the more targeted 
unipotential stem cells. 


18-2 Anemia identification is a result of prolonged hypoxia in the 
tissues. General clinical symptoms include pallor, malaise, and 
weakness. These symptoms are a result of the decreased amount 
of oxygen delivered to the tissues either due to qualitative or 
quantitative issues of hemoglobin and/or erythrocyte production. 


18-3 Anemia is typically identified by the patient’s low RBC count, 
hemoglobin, and hematocrit values. Normocytic anemia also 
takes into consideration the MCV value—normocytic anemia 
is identified by the patient having a MCV value within normal 
range. 


Chapter 19: Myeloproliferative Neoplasms Il: Polycy- 

themia Vera, Essential Thrombocythemia, and Primary 

Myelofibrosis 

19-1 In PV, there is an increase in the total number of red blood cells, 
white blood cells, and platelets. However, the proportion of plasma 
(the liquid component of blood) is not increased at the same rate. 
As a result, the blood becomes more viscous (thicker), which can 
impede the sedimentation of red blood cells. The elevated viscosity 
may hinder the normal settling of red blood cells in an ESR test, 
leading to a lower-than-expected ESR. 


19-2 The hematology analyzer will likely erroneously identify giant 
platelets as leukocytes or raise an error flag triggered by microclots, 
reflecting to more manual procedures for peripheral cell review. 

19-3 Primary myelofibrosis (PMF) is a chronic myeloproliferative 
neoplasm characterized by the proliferation of abnormal bone 
marrow cells, fibrosis (scarring) of the bone marrow, and the 
potential for transformation to acute leukemia. Because the fibrosis 
in the bone marrow forces the body to find sites outside the bone 
marrow to produce cells, this leads to extramedullary hematopoiesis. 
The first site of extramedullary hematopoiesis is the spleen. 


Chapter 20: Myelodysplastic Syndromes 

20-1 Sideroblasts contain iron, which isn’t obvious on the regular 
Wright stain utilized for bone marrow aspirate evaluation. Prussian 
blue staining is required to visualize iron more definitively. 

20-2 When the bone marrow is hypocellular, analysis for cell 

morphology and identification can be more difficult due to there 

not being enough cells to visualize or the aspirate being difficult to 

obtain during the aspirate procedure. 


pter 21: Chronic Lymphocytic Leukemia and Related 
shoproliferative Disorders 
the abnormal B cells are often mature but functionally 
The B cells in CLL do not contribute to humoral 
‘as they should and thus cause a lack of immunoglobulins 
affects immunity making patients with CLL more 
ial and viral infections. 


lymphocytes and smudge cells present | 
g appearance to lymphocytes | reactive 
es with abundant cytoplasm | ALL; 


leukemia/lymphoma: cloverleaf nuclear shape in lymph 
plasma cells dyscrasia: plasma cells present. Phocytes | 


Chapter 22: The Lymphomas 
22-1 Similar cells can be seen in a variety of benign and maj 
conditions other than Hodgkin lymphoma. 


22-2 All chromosomal abnormalities, deletions, mutations, translocati 
or amplifications are damaged DNA leading to unregulateg id 
proliferation. 

22-3 Not necessarily; indolent NHLs may be slow growing, but ar 
often incurable, whereas aggressive NHLs can have rapid fata}; e 
rates if left untreated. HL has a generally better prognosis tiie) 
to many types of NHL. Treatment protocols for HL are often high} 
effective, with high cure rates, especially in cases diagnosed wd 


early stage. 


lignant 


Chapter 23: Multiple Myeloma and Related Plasma Celi 


Disorders 

23-1 The analysis of immunoglobulins, specifically IgM and IgG 
antibodies, can be valuable in distinguishing between initial 
infection and reinfection with a virus or foreign body. IgM antibodies 
are typically the first antibodies produced in response to a new 
infection. IgG antibodies are produced later in the immune response 
and provide long-term immunity. As the infection progresses and 
resolves, IgG levels increase and can persist in the bloodstream for 
an extended period. During reinfection, the presence of high levels 
of IgG without a significant increase in IgM suggests a memory 
response, indicating previous exposure to the antigen. 

23-2 An M-spike indicates the presence ofa monoclonal gammopathy, 
meaning that a single clone of plasma cells is producing a specific 
type of immunoglobulin (monoclonal protein). Further analysis is 
needed to identify the type of immunoglobulin and determine if it 
is associated with an underlying condition including monoclonal 
gammopathy of undetermined significance (MGUS), multiple 
myeloma, or other plasma cell disorders. 

23-3 The most common symptom upen presentation in most 
multiple myeloma patients is extreme bone pain. This is due to 
uncontrolled proliferation of plasma cells and increased osteolytic 
lesions, resulting in bone pain, pathological fractures, spinal cord 
compression, and hypercalcemia. 


23-4 In Waldenstrém macroglobulinemia (WM), the increased 
viscosity of samples, especially when left at room temperature, is 
primarily due to the high levels of monoclonal immunoglobulin M 
(IgM) antibodies produced by the malignant lymphoplasmacytic 
cells. This monoclonal IgM is often present in elevated 
concentrations in the blood, contributing to the hyperviscosity 
syndrome associated with WM. Samples often have to be warmed 
up to 37°C before analysis. 

Chapter 24: Lipid (Lysosomal --2ge Diseases and 

Histiocytosis 

24-1 Gaucher’s disease is a lysosomal storage disorder caused by 
a deficiency of the enzyme glucocerebrosidase, leading to the 
accumulation of lipid-laden macrophages (Gaucher cells) in 
the bone marrow. The infiltration of Gaucher cells can disrupt 
normal hematopoiesis, affecting the production of blood cells with 
the anemia developing gradually over time, and compensatory 
mechanisms may prevent the release of immature RBCs. 


24-2 The large granules observed in leukocytes in these diseases 
represent accumulated lipids that cannot be properly proc 
due to the enzyme deficiencies. These granules can be visualized 
in peripheral blood smears and are indicative of the underlying 
lysosomal storage disorders (Mucopolysaccharidoses [MPS})- The 
large granules observed in leukocytes of patients with MPS are > 
result of the accumulation of undegraded sulfate material, which 
includes mucopolysaccharides, in the lysosomes of cells. 


—— —S 


chapter 25: Hemostasis 
In yon Willebrand’s disease, the absence or dysfunction of VWF 
impairs the normal adhesion of platelets to the damaged blood vessel 
wwalls and the stabilization of factor VIII. This leads to difficulties 
in forming a stable platelet plug at the site of injury, resulting in 

rolonged bleeding. In Glanzmann S thrombasthenia, the absence 
or dysfunction of GP IIb/Ila 'mpairs the ability of platelets to 
gate and form a stable clot. This results in Prolonged bleeding 
time, easy bruising, and a tendency for Spontaneous mucocutaneous 
bleeding. : 

25-2 Hemostatic testing is typically ordered based on clinical 
indication. It is not necessary ‘o perform a comprehensive 
hemostatic analysis on every patient unless there are specific 
symptoms, medical history, or clinical situations that warrant such 
testing. Clinical practice guidelines often provide Tecommendations 
on the appropriate use of hemostatic testing based on clinical 
scenarios, symptoms, and risk factors, 


Chapter 26: Disorders of Primary Hemostasis; Quanti- 
tative and Qualitative Platelet Disorders and Vascular 
Disorders 

26-1 Without enough platelets (150 to 400 x 10°/L), an adequate 
platelet plug cannot form, resulting in continued bleeding from 
vascular injury and inadequate vascular healing. 

26-2 The clinical course of thrombocytosis can vary widely 
among individuals, and the presence or absence of symptoms 
may not correlate directly with the platelet count. The risk of 
complications, particularly thrombotic events, is influenced by 
factors such as age, overall health, and the presence of additional 
risk factors. 

26-3 Yes, patients can have the correct amount of platelets, but those 
platelets present are defective, resulting in platelets that are unable 
to activate, adhere, or aggregate appropriately to form the required 
platelet plug to complete primary hemostasis. 


Chapter 27: Disorders of Secondary Hemostasis: Plasma 

Clotting Factors 

27-1 The PT and PTT analysis is sensitive to the lack of enough 
fibrinogen preventing the formation of a clot. This results in more 
time needed for a clot to form during the analysis, or even no clot 
ever forming if fibrinogen levels are very low. The mixing study 
replaces the low or nonexistent fibrinogen levels with normal 
plasma, thus resulting in a “corrected” result. 

27-2 Although the PT and PTT analyses don’t pick up on vWF 
directly, the PTT is affected by changes in FVIII. Deficiencies in 
WWF affect FVIII, as they are strong cofactors and forma complex 
to promote successful clotting. 

27-3 Inhibitors are antibodies. Because a person with Hemophilia 

A or B lacks Factors VIIIC or IX, respectively, when they are 

transfused these factors for therapy, the factors are likely to be 

t ized as foreign and produce an immunological response 

ing alloantibodies. 


fibrinolysis (clot dissolution). Multiple inhibitors 

its are involved to prevent excessive fibrinolysis, 
balance, and ensure appropriate responses to 

tissue repair. 

both bleeding issues and thrombotic issues. 

ll be low and PT/aPTT results will be elevated, 
problems, but the patient will also have 
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28-3 If the fibrin deposition does not completely occlude the lumen of 
the damaged blood vessel, red cells may undergo a shearing effect as 
they traverse this area, with resultant fragmentation of the red blood 
cells. Microangiopathic hemolytic anemia with schistocytes may be 
evident on the blood smear in approximately 50% of patients with 
acute DIC. 

28-4 The main goal of treatment is to treat or remove the underlying 
pathological stimulus and maintain blood volume and hemostatic 
function. 


Chapter 29: Introduction to Thrombosis and Anticoagulant 


Therapy 

29-1 Liver Disease can disrupt the delicate balance between clot 
formation and dissolution, leading to coagulopathy. Many factors and 
inhibitors are produced by the liver, so if the liver is unable to produce 
these substances, coagulation and fibrinolysis can be affected. 


29-2 For females, this is often the time that many start to use oral 
contraceptives, which then increases their risk of thrombosis 
should they have an inherited condition. 


29-3 For a patient with an acquired Factor VIII (FVIII) inhibitor, 
it’s important to evaluate the presence of lupus anticoagulant, as 
these conditions can coexist. Mixing studies, which would remain 
uncorrected, as well as a prolonged aPTT due to LA if present. 


Chapter 30: Body Fluid Examination: Analysis of Serous, 

Cerebrospinal, and Synovial Fluids 

30-1 Slides must be prepared regardless of whether any cells are 
seen in the hemacytometer, as the potential to detect abnormal or 
malignant cells increases with the cytocentrifugation process. 


30-2 Approximately 2-4 mL of fluid is collected into each of three 
to five sequentially numbered, sterile, nonadditive tubes. The tubes 
must be filled in numerical order. Tube #1 is used for chemical 
analysis, because it typically would be contaminated with peripheral 
blood and cellular debris from the initiation of the puncture, and 
it requires centrifugation before analysis. Tube #2 is used for 
microbiological analysis, as it is less affected by contamination 
from initiation of the LP. Tube #3 is sent to hematology for the cell 
count and differential analysis, as it is less affected by any bleeding 
from initiation of the LP. Additional tubes (#4, #5) may be used for 
further biochemical analyses, serology, cytology, flow cytometry, 
immunocytochemistry, or molecular genetic analysis. 


30-3 Automated cell counters should not be used for CSF, because 
the allowable background limits of the analyzer diluent may be 
higher than the normal range for CSF cell counts. 


Chapter 31: Hematolog Methea: 


31-1 Results in a hemolyzed sample tend to exhibit reduced red blood 
cell count, hemoglobin, hematocrit, and mean corpuscular volume 
(MCV). An increased red cell distribution width (RDW), mean 
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC), and platelet count are often present. 


31-2 Disposable plastic counting chambers are only used once, so 
it minimizes risk of specimen contamination due to inappropriate 
cleaning techniques. They are also designed to ensure uniformity of 
depth and specimen volume which can be erroneous on traditional 
counting chambers if loaded incorrectly or cover slip is placed on 
chamber incorrectly. 


31-3 Yes, if the WBC count is abnormally high or low, there may be 
a great dissonance between the relative and absolute counts. The 
relative count represents the percentage of each type of leukocyte 
relative to the total white blood cell count and is expressed as a 
percentage. The absolute count provides the actual number of each 
type of leukocyte per unit volume of blood. In these circumstances, 
the absolute counts become a better representation of the actual 
differential picture. 
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Chapter 32: Principles of Automated Differential Analysis 


32-1 RBC, HGB, HCT, MCV, mean corpuscular hemoglobin (MCH), 
and mean corpuscular hemoglobin concentration (MCHC). 


32-2 Forward angle light-scatter measures white blood cell size. 


32-3 At least two levels of control material should be analyzed every 
8 hours during each day of patient testing. 


Chapter 33: Coagulation Methods 


33-1 Hemolysis due to the release of ADP, which can activate 
platelets. Lipemia because the plasma could obscure the true 
optical density of the sample. Glass tubes should be avoided 
because platelets will activate and adhere to glass surface. It is 
important that the temperature remain at 37°C while testing and the 
pH between 6.5 and 8.5. Platelet-rich plasma should sit for half an 
hour before testing for platelets to regain responsiveness. Testing 
should occur within 3 hours of collection. And samples should be 
stirred so platelets can come together close enough to aggregate. 


33-2 First, the patient would have an abnormal PT and/or aPTT 
result without a known cause for the abnormality. If only one is 
abnormal, specific factors could be deduced as deficient, making 
the next steps a bit more focused. The physician could then choose 
to run a mixing study and assess if the patient’s PT and/or aPTT 
would correct when added to normal pooled plasma. A correction 
would indicate a factor deficiency. If there was not a correction, an 
inhibitor may be present. After the mixing study, specific factor or 
inhibitor assays could be ordered to assess for either a deficiency of 
a factor or presence of an inhibitor, allowing the physician to make 
a diagnosis. 


{ - —— 


33-3 An increased D-dimer, the detection of FDPs, prolon: 
aPTT, decreased platelet count, and low fibrinogen tog 
all indicate DIC. 


ed PT ang 
ether wou] d 


Chapter 34: Applications of Flow Cytometry 3 

Hematopathology 

34-1 During hydrodynamic focusing, the sample cell Suspension j 
guided through the flow cell by sheath fluid in a way to sft is 
a single cell stream through the flow cell interrogation point, Thi 
ensures that characteristics are recorded of one cell at a time. If es 

cell suspension is very concentrated, a high flow rate could cause 

multiple cells to pass the laser stream and produce false data, 


34-2 If the new lot is >20% brighter than the old lot, the stain intensity 
can be lowered by way of titration. 


Chapter 35: Molecular Techniques in Hematopathology 

35-1 There are many disease states and infectious agents that 
laboratory analyses such as hematology findings and/or enzyme/ 
substrate quantification are most useful as markers for inclusion 
in diagnostic decisions. Genetic testing allows for more definitive 
diagnostic data. It enables a shift toward precision medicine, where 
interventions are tailored to individual genetic profiles, leading to 
improved diagnosis, treatment, and overall patient care. 

35-2 Nucleic acids are composed of proteins that can degrade when 
exposed to increased temperatures. 

35-3 Contamination of the specimen with extemal DNA, RNA, or 
products from previous reactions is a significant concern in nucleic 
acid testing. 
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Absolute erythrocytosis: A true increase in the number of 
circulating erythrocytes and hematocrit, as it happens in 
primary erythrocytosis (PV) and secondary erythrocytosis, 
related to high altitude, COPD, and smoking. 

Acanthocyte: An abnormal red cell that is slightly reduced 
in size and that possesses 3 to 12 spicules of uneven 
jength distributed along the periphery of the cell 
membrane. 

Accuracy: A result that is close to the true value. 

Achlorhydria: Absence of free hydrochloric acid in the 
stomach. 

Acrocyanosis: Bluish tinge to the extremities. 

Activated partial thromboplastin time (aPTT): A test to 
evaluate the overall integrity of the clotting system that 
involves factors XII, XI, IX, VIII, X, V, Il, and I. Usually 
a means of evaluating the intrinsic system of coagulation. 

Activation: Several separate responses of platelet function 
that include adhesion, shape change, secretion, and 
aggregation. 

Acute (decompensated) DIC: A condition in which 
active hemorrhage is evident and the consumption of the 
coagulation factors and platelets exceeds the capacity 
to increase the synthesis of these components. 

Adhesion: The molecular attraction exerted between the 
surfaces of bodies in contact (e.g., platelets to connective 

} tissue structures). 

Adult T-cell leukemia: Caused by human T-cell leukemia/ 
lymphoma virus-1 (HTLV-!), with characteristic clinical 
features including generalized lymphadenopathy, hypercal- 
cemia, bone and skin lesions, and 10% to 80% abnormal 
lymphoid cells in the blood and bone marrow. 

AE1: The major integral membrane protein that performs 

an important transport function by regulating HCO,/CL 

_ exchange and facilitating the transfer of carbon dioxide 

from tissues to lungs. 

Agelutination: The clumping together of red blood cells 

any particulate matter resulting from interaction of 

dy and its corresponding antigen. 

gation: A clustering or clumping together (e.g., 

gation, which plays a critical role in 


MAS1S ). 

illy inclusions (Alder’s anomaly): The presence 
. t, dark-staining, coarse cytoplasmic granules 
eosinophils, basophils, monocytes, or 
¢mphocytes. 
person's genome, there are two copies 
nherited from mother and the other 
enting the maternal and paternal alleles, 
two alleles may be referred to 
phisms, variants or mutations. 
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A homozygous variant means that both alleles have the 

same variant that differs from a reference sequence. 

Alloantibody: An antibody produced by an immune 
response that was stimulated by a foreign antigen. 

Allogeneic stem cell transplantation: A transplant where 
the bone marrow stem cells from another individual with 
normal hematopoiesis are transplanted into the patient. 

Alloimmunization: The process in which a patient develops 
antibodies to foreign or white blood cell antigen(s), or 
both, through transfusion or pregnancy. 

Amyloidosis: A metabolic disorder marked by extracellular 
deposition of amyloid (an abnormal protein) in the 
tissues; this usually leads to loss of function and organ 
enlargement. 

Anaplastic large cell lymphoma (ALCL): A relatively 
common form of mature T-cell lymphoma that represents 
a distinct clinical entity of young patients. 

Anemia: A condition in which there is reduced oxygen 
delivery to the tissues. It may result from increased 
destruction of red cells, excessive blood loss, or 
decreased production of red cells. 

Aplastic anemia: A type of anemia caused by aplasia of 
bone marrow or its destruction by chemical agents or 
physical factors. 

Hemolytic anemia: A type of anemia caused by hemoly- 
sis of red blood cells resulting in reduction of normal 
ted cell life span. 

Iron-deficiency anemia (IDA): Anemia resulting from a 
greater demand on stored iron than can be met. 

Megaloblastic anemia: Anemia in which megaloblasts 
are found in the blood; usually caused by a deficiency 
of folic acid or vitamin B12 

Microangiopathic hemolytic anemia: A hemolytic 
process associated with thrombotic thrombocytopenic 
purpura (TTP), prosthetic heart valve, and burns. It is 
visualized in the peripheral blood smear by fragmenta- 
tion of the red cells and other bizarre morphology. 

Pernicious anemia: A type of megaloblastic anemia 
caused by a deficiency of vitamin B12 that is directly 
linked to absence of intrinsic factor (IF). 

Sideroblastic anemia: A disorder in which iron is not 
being incorporated into heme and serum iron levels 
are elevated. The bone marrow is hyperplastic and 
contains iron-laden sideroblasts. 

Anisocytosis: Variation in the size of erythrocytes when 
observed on a peripheral blood smear. 

Ankyrin: A pyramid-shaped protein that is a major 
component of the red cell cytoskeleton. 

Antibody titration: A serial dilution of antibody conjugated 
fluorescent dyes. The purpose of performing titrations 
is to find the optimal amount of dye to add to a sample. 
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Adding too little dye may lead to false negative interpre- 
tations and adding too much may lead to non-specific, 
misleading staining. 

Antihemophilic factor (AHF): A commercially prepared 
source of factor VIII. 

Antiphospholipid Antibody Syndrome (APS): One of the 
most common causes of acquired coagulation defects 
associated with venous and/or arterial thrombosis. 

Antithrombin (AT-III): A substance that opposes the action 
of thrombin and thus prevents or inhibits coagulation of 
blood. 

Apoptosis: The natural process of programmed cell death. 

Arthrocentesis: The procedure to obtain fluid from a joint 


Articulations: The junctions between two or more bones. 

Artifacts: Particulates that can appear in synovial fluid 
during microscopic analysis that are clinically insignifi- 
cant and/or not originally of synovial origin. They must 
be differentiated from clinically significant synovial 
particulates. 

Asynchrony: The failure of events to occur in time with 
each other as they usually do. In hematology, nuclear and 
cytoplasmic development are mismatched. 

Auer rod: A rod-shaped alignment of primary granules 
that is present only in the cytoplasm of myeloblasts and 
monoblasts in leukemic states. 

Autosplenectomy: Formation of a fibrotic, nonfunctioning 
spleen caused by restrictive blood flow to the organ; 
often seen in sickle cell anemia. 


B 

Base pair: The length of a DNA molecule is measured in base 
pairs (bp), or in thousands of base pairs = kilobases (kb). 

Basophil: A mature white blood cell whose cytoplasmic 
granules stain deep bluish-purple with basic dyes such 
as methylene blue. It makes up 0% to 2% of the normal 
differential count. 

Basophilic normoblast: An immature red cell precursor 
found only in the bone marrow that is characterized by a 
vivid blue cytoplasm and a high nuclear-to-cytoplasmic 
ratio. (Synonym: Prorubricyte.) 

Benchmarking: The practice of comparing the individual 
laboratory processes and performance metrics to industry 
best practices from other laboratories. 

Bernard-Soulier syndrome (BSS): A congenital bleeding 
disorder characterized by the presence of large platelets, 
thrombocytopenia of varying degrees, and a prolonged 
bleeding time. 

Bias: A quantitative term describing the difference between 
the average of measurements made on the same object 
and its true value. 

Zilirubin: The orange or yellowish pigment in bile that 

is carried to the liver by the blood. It is produced from 

oglobin of red blood cells by reticuloendothelial 

in the bone marrow, spleen, and elsewhere. 

direct bilirubin: The unconjugated water-insoluble 

orm of bilirubin. 
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Birefringence: The ability of a particular material to 
refract light. 

Bite cells: Cells in which the removal of a portion of mem. 
brane has left a permanent indentation in the remaining 
cell membrane. 

Bleeding time test: A test used to evaluate the hemostatic 
role of platelets in vivo. 

Blister cell: A cell that escapes from the fibrin strand, 
appearing in the peripheral blood as a red cell with a 
vacuole in one end resembling a blister. 

Burr cells (echinocytes): Red cells with approximately 10 to 
30 spicules evenly distributed over the surface of the cell, 


Cc 

Cabot’s rings: A red blood cell inclusion resembling a 
figure 8. It is usually found in heavily stippled cells. 

Calmodulin: A cytoplasmic calcium-binding protein. 

Cardiac tamponade: A severe complication of pericar- 
ditis or caused by a traumatic injury. Occurs when 
pericardial fluid or blood within the pericardial space, 
under increased pressure, restricts the motion of the 
heart. 

Cardiolipin: An anionic phospholipid found in the inner 
mitochondrial membranes of cardiac and skeletal muscle 
cells and some bacteria; known as diphosphatidylglycerol. | 

Catastrophic antiphospholipid syndrome (CAPS): A | 
serious and often fatal manifestation of APS characterized | 
by the development of multiorgan thromboses (infare- 
tions) over a very short period of time (days to weeks). 

cDNA (complementary DNA): Synthetic DNA 
transcribed from an RNA template by the enzyme 
reverse transcriptase. 

Cerebrospinal fluid (CSF): A selective ultrafiltrate of 
plasma that protects and supports the brain and spinal 
cord and maintains a constant ionic environment by 
circulating nutrients and removal of waste products. 

Chelation: Combining of metallic ions with certain 
hetero-cyclic ring structures sc that the ion is held by 
chemical bonds from each of the participating rings. 

Chemokinesis: Increased activity of cells in the presence 
of a chemical attractant. 

Chemotaxis: Describes movement toward a stimulus, 
particularly that displayed by phagocytic cells toward 
bacteria and sites of cell injury. 

Choroid plexus: Masses of specialized capillaries in the 
pia mater. 

Classic Hodgkin lymphoma: Represents the majority of 
cases of Hodgkin lymphoma cases and is morphologically 
defined by classic-appearing Reed—Sternberg cells. 

Cluster of Differentiation (CD): CD molecules are cell 
surface markers that are useful for the characterization 
and identification of leukocytes and their subpopulations. | 

Cobalamin: Vitamin B12; a large, water-soluable molecule. 

Codocyte: From the Greek word “kodon” meaning bell. See 
Target cells. 

Coefficient of variation (CV): Describes the SD as a 

percentage of the mean. 
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Cofactor? A factor that facilitates binding and accelerates 
enzymatic interaction of other coagulation factors with 
their target protein or substrate on an active biologic 
surface. 

Col ony-stimulating factors (CSF): Produced by 
T lymphocytes—as well as stromal cells, fibroblasts, 
endothelial cells, and macrophages—when stimulated 
py monocyte interleukin-1 (IL-1) and tumor necrosis 
factor (TNF). 

Complement: A series of proteins in the circulation that, 
when sequentially activated, cause disruption of bacterial 
and other cell membranes. Activation occurs via one of 
two pathways, and once activated, the components are 
involved in a great number of immune 

Consanguineous: Relationship by blood (i.e., being 
descended from a common ancestor), 

Continuous ambulatory peritoneal dialysis (CAPD): A 
procedure that utilizes the natural Properties of the perito- 
neal membrane and the infusion ofa dialyzing fluid into 
the cavity to remove impurities in the bloodstream. 

Control chart: A graphical method to display control results 
so that it is easier to determine whether a control run is 
in or out-of-control. Shifts and trends can be visually 
assessed using control charts. 

Control limits: Statistical criteria of acceptability for a 
particular control material, usually derived from the mean 
and standard deviation (SD). The limits are placed on a 
control chart for ease of use. 

Control rule: A decision criterion for judging a control 
material as acceptable or not. Westgard MultiRules are 
examples of control rules. 

Cytokines: Growth factors, such as colony-stimulating 
factors and interleukins. 


Cytopenia: Abnormalities or deficiencies in blood cell elements. 


D 


Dacrocytes: See Teardrop cells. 

Define, Measure, Analyze, Improve, and Control 
(DMAIC): A five-phase method for defining the problem 
and improving the activity 

Delta checks: Comparison of the difference between mea- 
surements of an analyte (or combinations of analytes) on 
two separate samples from the same patient to predefined 
thresholds representing the limits of acceptable change. 

Diapedesis: The journey of the blood cells (i.¢., leukocytes) 
through the unruptured walls of a capillary. 

Diffuse basophilic stippling: Stippling that appears as a 
fine blue dusting. 

Dimer: A compound formed by the combination of two 
identical molecules. 

er: Degradation of cross-linked fibrin generated by 

_ plasmin. 

lorphic population: A mixture of large and small cells 

of a normal MCV and a high RDW (normal 

is 11.5% to 14.5%). 

nated intravascular coagulation (DIC): A 

gic form of coagulation that is systematic 
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rather than localized, and is characterized by generalized 
bleeding and intravascular clotting. 

Distribution: How cells are dispersed on the peripheral 
smear slide. . 
Divalent Metal Transporter 1: Protein responsible for iron 
transport protein from gastrointestinal lumen into the 
duodenal enterocyte and from the erythroblast endosome 

into the cytoplasm. 

DNA (deoxyribonucleic acid): The blueprint that cells 
use to catalog and express information and to propagate 
it from one generation to the next. It is a double- 
stranded molecule composed of complementary 
nucleotide sequences. The strands are held together 
by hydrogen bonds formed according to the rules of 
complementary nucleotide pairing: G bonds with C, A 
bonds with T. 

DNA sequencing: a laboratory procedure to determine the 
order of nucleotides within DNA. 

Déhle bodies: Single or multiple, round or oval, blue 
cytoplasmic inclusions (with Romanowsky stain) seen in 
neutrophils, usually associated with toxicity. 

Dohle body-like: Oval, blue, single, or multiple cytoplasmic 
inclusions originating in RNA and | to 3 jzm in diameter. 
Characteristically observed in certain congenital qualita- 
tive WBC disorders such as May—Hegglin anomaly and 
Chédiak—Higashi disorder. 

Donath-Landsteiner test: A test usually performed in 
the blood bank to detect the presence of the Donath- 
Landsteiner antibody, which is a biphasic IgG antibody 
with anti-P specificity found in patients suffering from 
paroxysmal cold hemoglobinuria. 

Drepanocytes: Cells also known as sickle cells that are 
typically crescent- or sickle-shapte with pointed projec- 
tions at one or both ends of the cell. These cells have 
been transformed by hemoglobin polymerization into 
rigid, inflexible cells no longer resembling the normal 
biconcave disc. 

Dyserythropoiesis: Changes in erythroid cell nuclear 
chromatin pattern; some of these changes are bizarre. 

Dyspnea: Labored or difficult breathing. 


E 


Echinocytes: See Burr cells. 

Elliptocyte: Pencil-shaped cells, invariably not 
hypochromic. 

Elution: A process whereby cells that are coated with 
antibody are treated in such a manner as to disrupt the 
bonds between the antigen and the antibody. The freed 
antibody is collected in an inert diluent such as saline or 
6% albumin. This serum can then be tested to identify its 
specificity using routine methods. The mechanism to free 
the antibody may be physical (heat, shaking) or chemical 
(ether, acid), and the harvested antibody-containing fluid 
is called an eluate. 

Empyema: The collection of pus in the pleural cavity. 

Enterocyte: Epithelial cell that lines the small and large 
intestine, 
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Enzyme-linked immunosorbent assay (ELISA): A method 
that utilizes a microtiter plate coated with specific rabbit 
antihuman vWF antibodies to capture the vWF to be 
measured. 

Eosinophil: A mature type of granulocyte in which cyto- 
plasmic granules are large, round, and refractile and stain 
orange or red with Wright's stain. It comprises 0 to 4% of 
the normal differential count. 

Error: The difference between the true value and the 
obtained value. 

Erythroferrone (ERFE): Hormone produced by erythro- 
blasts that suppresses hepcidin. 

Erythropoiesis: The production and maturation of erythrocytes. 

Essential thrombocythemia (ET): A rare but serious 
myeloproliferative neoplasm (MPN) characterized by 
marked thrombocytosis with bone marrow megakaryo- 
cytic hyperplasia and a tendency to develop thrombotic 
and hemorrhagic complications. 

Euglobulin lysis time (ELT): A coagulation procedure 
testing for fibrinolysins. 

Extramedullary hematopoiesis: Formation of blood cells in 
sites other than the bone marrow (i.e., liver, spleen). 

Exudates: Effusions that accumulate due to a primary patho- 
logical state within the compartment. 

Extrayascular hemolysis: Hemolysis occurring within the 
cells of the reticuloendothelial system. 


F 


Fatty yellow marrow: A dynamic tissue similar to 
hematopoietic tissue that varies in amount according to 
the age of the patient and the skeletal location from where 
the marrow is obtained. Only a few fat cells are present in 
young children, where as in adults, fat cells average about 
50% of total marrow volume in the vertebrae and flat 
bones of the pelvis. 

Favism: An inherited condition resulting from 
sensitivity to the fava bean, usually seen in people 
of Mediterranean origin who have a deficiency in the 
enzyme glucose-6phosphate dehydrogenase, which 
may result in a severe hemolytic episode. 

Fenestrations: Openings or “windows” between the 
cytoplasmic membranes of the cells. 

Ferritin: The storage form of iron in the tissues, found 
principally in the reticuloendothelial cells of the liver, 
spleen, and bone marrow. 

Ferrochelatase: Enzyme that catalyzes the insertion of iron 
into protoporphrin IX to form hemoglobin. 

Ferroportin: Protein that transports iron from enterocytes 
and macrophages into the bloodstream. 

Fibrin: A whitish filamentous protein or clot formed by the 
action of thrombin on fibrinogen, converting it to fibrin. 

Fibrin-forming (coagulation) system: The system through 
which coagulation factors interact to eventually form a 
fibrin clot. 

Fibrin monomer: The altered molecule that results from 

thrombin splitting fibrinopeptides A and B from two of 

the three paired chains of the fibrinogen molecule. 


Fibrinogen degradation products (FDPs): The Polypeptig 
fragments X, Y, D, and E that result from the Proteolytic e 
action of plasmin on fibrinogen or fibrin. 

Fibrinogen group: Consists generally of high molecular 
weight proteins that include factors I (fibrinogen), 

V (labile factor), VIII (antihemophilic factor), and 
XIII (fibrin-stabilizing factor). 

Fibrinolysis: Dissolution of fibrin by fibrinolysin, caused by the 
action of proteolytic enzyme system that is continually active 
in the body but increased greatly by various stress stimuli, 

Fluorescence Compensation: A mathematical algorithm 
that removes fluorescence spillover of one fluorophore 
into multiple detectors. 

Fluorochromes: (or fluorophores) are dyes that absorb, and 
then emit, light which produces a color. These dyes are 
coupled with antibodies to surface and intracellular mark- 
ers. Cells stained with fluorescent antibody conjugate 
travel single-file through a flow cell on a flow cytometer 
and the fluorochrome is excited by light. The light signal 
is measured and evaluated. 

Follicular lymphoma: A form of non-Hodgkin lymphoma 
that has a mixture of lymphocytes, mainly centrocytes 
(small cleaved) and centroblasts (large noncleaved) cells 
that have a B-cell immunophenotype (CD19+, CD20+, 
CDS5-) and t(14;18) JGH-BCL2. 


G 

Gastrectomy: Surgical removal of part or all of the 
stomach. 

Gating: Selecting an area on a scatter plot which contains 
the population of cells to be further analyzed. 

Gaucher’s disease: A familial, lysosomal disorder caused 
by a deficiency in the enzyme beta-glucocerebrosidase. 

Gene: A functional segment of DNA that serves as a 
template for RNA transcription and protein translation. 
Regulatory sequences contro! gene expression, so that 
only a small fraction of the estimated 100,000 genes are 
ever transcribed by a given cell 

Gene rearrangement: A process in which segments 
of DNA are cut and spliced to produce new DNA 
sequences. During norma! lymphocyte development, 
rearrangement of the immunoglobulin genes and the 
T cell receptor genes results in new gene sequences that 
encode antibody and surface antigen receptor proteins 
necessary for immune function 

Genome: The total aggregate of inherited genetic material. 
In humans, the genome consists of 3 billion base pairs of 
DNA divided among 46 chromosomes, including 22 pairs 
of autosomes numbered |-22, and two sex chromosomes 
(XX or XY). Each type of microbe has a species-specific 
genome comprised of either DNA or RNA. 

Genotype: The genetic constitution of a particular specimen. 

Ghrelin: A hunger hormone released by the stomach. 

Glanzmann’s thrombasthenia: A congenital bleeding 
disorder characterized by impaired or absent clot 
retraction and a failure of the platelets to aggregate 
with most aggregating agents, particularly with ADP. 
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jobin: A protein constituent of hemoglobin. There are 
four globin chains in the hemoglobin molecule, 
Glossitis: Inflammation of the tongue. 
Glucose-6-phosphate dehydrogenase (G6PD): An 
intracellular red cell enzyme important in the hexose 
monophosphate pathway. 
Gly cophorin: The principal integral blood cell Protein, con- 


taining 60% carbohydrate and giving the red cel] its nega- 


tive charge. It appears on the external surface of the Ted cell, 


Gout: A hereditary metabolic disease that is a form of acute 
arthritis and is marked by inflammation of the joints. The 
affected joint may be at any location, but gout usually 
begins in the knee or foot. 

Granulocyte: A white blood cell with small granules 
that rids the body of infection or allergens; refers to 
band or polymorphonuclear neutrophil, eosinophil, or 
basophil. 

Granulopoiesis: The production and maturation of 
granulocytes. 


H 


Hairy cell leukemia (HCL): A rare indolent neoplasm 
of mature lymphocytes with oval to kidney-shaped 
nuclei and abundant cytoplasm and “hairy” cell surface 
projections. 

Haptoglobin: An 2-glycoprotein produced in the liver, 
having three phenotypes with differing abilities to bind 
hemoglobin. 

Heinz bodies: Large red blood cell inclusions that are 
formed as a result of denatured or precipitated 
hemoglobin. May be seen in the thalassemia syndromes. 
G6PD deficiency, or any of the unstable hemoglobin 
conditions. 

Helmet cells: See Blister cells. 

Hemarthrosis: Bloody effusion into the cavity of a joint. 

Hematogones: Normal cellular constituents of bone 
marrow that resemble small- to intermediate-sized 
lymphocytes. 

Hematoidin crystals: A product of hemoglobin catabolism 
appearing as bright yellow or red crystals. 

Hematolymphoid disorders: Bening conditions and 
malignant diseases related to lymphoid cells. 

Hematopoiesis: Formation and development of blood cells, 
normally in the bone marrow. (Synonym: Hemopoiesis.) 

Hematuria: Blood in the urine. 

Hemochromatosis: A disease of iron metabolism in which 
iron accumulates in body tissues, causing complications 
and tissue damage. 

Hemoconcentration: An increase in the number of red cells, 
Tesulting from a decrease in the volume of plasma. 

___ Hemoglobin (Hb) C crystals: Found in hemoglobin C 
disease—a mild chronic hemolytic anemia in which the 
Patient is homozygous for the abnormal hemoglobin Cc. 

Hemoglobin SC (HbSC) erystals: Found on the peripheral 

Smears of patients diagnosed with HbSC disease—a 

chronic hemolytic disorder punctuated by acture painful 

isis and diverse chronic organ damage, secondary to the 
¢ of both HbS and HbC. 
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Hemoglobinemia: Presence of hemoglobin in the blood 
plasma. : : 

Hemoglobin-oxygen dissociation curve: The relationship 
between the % saturation of the hemoglobin molecule 
with oxygen and the environmental oxygen tension. 

Hemoglobinuria: The presence of free hemoglobin in the 
urine. 

Hemolysis: The destruction of red blood cells. 
Intravascular hemolysis: The disruption of the red cell 

membrane and release of hemoglobin into the sur- 
rounding fluid within the vasculature. 

Extravascular hemolysis: The phagocytosis of erythro- 
cytes by the reticuloendothelial system, primarily in 
the spleen and liver. 

H. disease of the fetus and newborn (HDEN): A disease 
characterized by anemia, jaundice, enlargement of the liver 
and spleen, and generalized edema (hydrops fetalis), and 
caused by maternal IgG antibodies that cross the placenta 
and attack fetal red cells when there is a fetomaternal 
blood group incompatibility. Usually caused by ABO or 
Rh antibodies. (Synonym: Erythroblastosis fetalis.) 

Hemopexin: A beta globulin that has the capacity to bind 
hemoglobin when haptoglobin has been depleted. 

Hemophilia: A hereditary blood disease characterized by 
impaired coagulability of the blood and a strong tendency 
to bleed. 

H. A: A sex-linked hereditary bleeding disorder character- 
ized by greatly prolonged coagulation time, owing to a 
deficiency of factor VIIL. 

H. B: Christmas disease, a hereditary bleeding disorder 
caused by a deficiency of factor IX. 

H. C: A hereditary bleeding disorder caused by a deficiency 
of factor XI. 

Hemosiderin: An iron-containing pigment derived from 
hemoglobin on disintegration of red cells; one method 
whereby iron is stored until needed for making 
hemoglobin. 

Hemothorax: Pure blood in the pleural cavity that can 
result from sever chest injuries, stab or gunshot wounds, 
or surgical procedures. 

Hepatomegaly: A condition characterized by enlargement of 
the liver. 

Hepcidin: Iron-regulating protein and acute phase reactant 
produced by the liver, It acts to decrease iron absorption 
from the small intestine and block iron release from 
macrophages. This reduces the availability of iron for 
hematopoiesis and is important in the development of 
anemia of chronic disease. 

Hephaestin: Copper dependent enzyme that oxidizes iron 
to facilitate its transport by ferroportin across enterocyte 
membrane into bloodstream, % 

Hereditary hemochromatosis (HH): A recessive genetic 
disorder, It is one of the most frequent genetic diseases 
in North America, typically found in those with north- 
ern European ancestry, affecting approximately | in 
300 people. 

Hereditary spherocytosis (HS): An inherited (autosomal- 
dominant) intracorpuscular defect of the red cell membrane 
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(altered spectrin) that results in the most common heredi- 
tary hemolytic anemia found in whites. The morphologi- 
cal hallmark of hereditary spherocytosis is the presence of 
spherocytes on the peripheral blood smear. 

Hereditary stomatocytosis (hereditary hydrocytosis): A 
heterogeneous group of rare red cell membrane disorders 
inherited in an autosomal-dominant fashion that are 
characterized by the presence of stomatocytes on the 
peripheral blood smear and alterations in the permeability 
of the red cell membrane to cations. 

Hirudin: An anticoagulant first discovered in leeches, 
now manufactured with recombinant methods, that 
ainticoagulates by directly inhibiting thrombin and 
blocking its ability to convert fibrinogen to fibrin. It 
includes varieties lepirudin, desirudin, and bivalirudin. 

Howell—Jolly bodies: Red cell inclusions that develop in 
periods of accelerated or abnormal erythropoiesis, They 
represent nuclear remnants containing DNA. 

Hybridization: The process by which one nucleotide strand 
binds to another strand by forming hydrogen bonds 
between complementary nucleotides, 

Hydrocytosis: An increase in red cell hydration and volume 
due to abnormalities in red cell cation permeability. 

Hydrodynamic focusing: Hydrodynamic focusing is accom- 
plished by a flow cytometer’s fluidic system, Cells sus- 
pended in a core stream are guided through the flow cell 
by sheath fluid. Due to the pressure differences between 
the sample stream and sheath, the two liquids do not mix. 
Depending on the cell concentration of the sample the 
flow rate has to be adjusted to avoid more than one cell’s 
passing through the flow cell at the same time. 

Hyperchromic:; Red cells with a descreased surface-to- 
volume ration and a decreased or absent central pallor. 

Hyperproteinemias: Abnormally high levels of protein in 
your blood plasma. 

Hypersegmentation; An increase in the number of nuclear 
lobes or segments (more than 5) in segmented neutro- 
phils; especially characteristic of vitamin B12 or folate 
deficiencies. 

Hypochromic: The term means “low color” and indicates 
that the cells have less than the normal amount of 
hemoglobin. 

Hypoplasia: Refers to abnormal, deficient, or defective 
development, 

Hyposegmentation: A decreased segmentation consisting 
of neutrophils with two lobes or less, 


Immunoblast: A mitotically active T or B cell, 
Immunoglobulin (Ig): One of a family of closely related, 
yet not identical, proteins that are capable of acting as 
antibodies: IgA, IgD, IgE, IgG, and IgM. The principal 
immunoglobulin in exocrine secretions such as saliva and 
tears is IgA. IgD may play a role in antigen recognition 
and the initiation of antibody synthesis. IgE is produced 
by the cells lining the intestinal and respiratory tracts and 
important in forming reagin. The main immunoglobulin 


— 


in human serum is IgG. A globulin formed in almost ey, | 
immune response during the early period of the paint, 
is IgM. 2 

Immunophenotyping: A flow cytometric laboratory meth 
that identifies cell surface and intracellular markers in * 
order to characterize cells and establish diagnoses. 

In situ follicular neoplasia (ISFN): Germinal centers are 
partially or completely colonized by clonal B cells 
carrying the BCL2 translocation characteristic of 
follicular lymphoma. 

In situ hybridization: Localize DNA or RNA by probe 
binding in cells, tissue or chromosomes immobilized 
ona glass slide. In a variation of this procedure called | 
fluorescence in situ hybridization (FSH), a fluorochrome | 
attached to the probe permits microscopic visualization 
of the target nucleic acid in cells or in metaphase 
chromosomes. 

Integral membrane proteins: Proteins that extend from 
the outer surface and traverse the entire membrane to the | 
inner cytoplasmic side of the RBC. 

Interference experiment: Provides information about the 
constant systematic error (accuracy, bias) caused by 
interfering substances. 

Internal assessments: Internal assessments include correla- 
tions between similar instruments, audits, self-inspections, 
and quality monitors. These assessments examine how the 
laboratory is meeting its own requirements. 

Interrogation point: The location in the flow cell where the 
laser intersects the sample. 

Intravascular hemolysis: Hemolysis occurring within the 
blood vessels. (See Hemolysis.) 

Intrinsic factor (IF): A protein secreted by the parietal 
cells of the stomach that is necessary for vitamin B12 
absorption. 


J 


JAK2: Janus kinase 2, the most common mutation found 
with MPNs which is located on chromosome 9q24 and 
is frequently found in ~95% of PV and 60% of ET and 
PMF, among other disorders such as RARS-T (refractory 
anemia with ring sideroblasts associated with marked | 
thrombocytosis). 

Joint capsule: Strong fibrous tissue that encloses freely | 
movable limb joints of the body for support and alignment 
of the bones. | 


K 


Karyorrhexis: A necrotic stage with fragmentation of the 
nucleus, whereby chromatin is distributed irregularly 
throughout the cytoplasm. 

Keratocytes; See Bite cells. 


L 


Laboratory Developed Tests (L.DTs): In vitro diagnostic 
tests that are designed, validated and used within & single 
laboratory, 
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ar cell: A distinctive Reed-Stemberg Variant separated 
surrounding cells by a large clear Space (a lacuna) 
jocated in a sea of lymphocytes, plasma cells, eosinophils, 
and neutrophils. ; 

avage: Flushing of the peritoneal space with normal saline 
solution. 

pean: A quality plan that reduces waste in order to increase 
value in customers. 

teukemia: A chronic or acute disease of unknown 
etiologic factors characterized by unrestrained growth 
of leukocytes and their precursors in the tissues. 

Leukemoid reaction: A moderate or advanced degree of 
jeukocytes in the blood that is not a result ofa leukemic 
disease. These reactions are frequently observed as a fea- 
ture of infectious disease, drug and chemical intoxication, 
or secondary to nonhematopoietic carcinoma. 

Leukocytosis: An increase in number of leukocytes (more 
than 10,000 cells per cubic millimeter) in the blood. 

Littoral cells: Cells located in the walls of blood sinuses or 
lymph, characterized by their flattened appearance. 

Locus: A specific position on a chromosome. 

Lymphocyte: A white blood cell formed in lymphoid tissue 
throughout the body, generally described as nongranu- 
lar and including small and large varieties. It makes up 
approximately 20% to 45% of the total leukocyte count, 

Lymphocyte-rich Hodgkin lymphoma (HL): Characterized 
by a background rich in lymphocytes, in which the Reed- 
Stemberg cells exhibit the histologic appearance and 
immunophenotype of classic Reed-Stermberg cells rather 
than the popcorn cells seen in NLPHL. 

Lymphoma: Asymmetric enlargement ofa group of lymph 
nodes, which destroys the normal histologic lymph node 
architecture. 

Lymphoplasmacytic lymphoma: A cancer of older adults 

in which the neoplastic lymphocytes exhibit plasmacytoid 

features and express monoclonal surface and cytoplasmic 
immunoglobulin, usually of the IgM class. 

Ly poiesis: Refers to the growth or development of 


tacunl 


e: A red cell 9 jam in diameter or larger. 

Anemia associated with macrocytes that is 

das either megalobiastic or nonmegaloblastic, 

2 Refers to a condition in which erythrocytes 

ly large. 

tes: Refers to a condition in which ovalo- 

ly large. , 
of the reticuloendothelial system having 
jose particulate substances and to 
other colloidal substances; found in 
sues and various ongans of the body. 
(MZL): Typically an extranodal 
in Of mucosa-associated lymphoid tissue 
ja) at sites such as stomach, salivary 

> substance of the QC material. 
contro! material be as close 
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as possible to real human specimens. For example, urine 
tests should be controlled by a urine-like contro! material, 
etc. Sometimes animal materials are used because they are 
very close in nature to the human materials and easier to 
manufacture. 

Maturation storage pool: Consists of nondividing metamy- 
elocytes, bands, and segmented neutrophils. The cells 
typically spend 5 to 7 days in this pool before entering 
into the circulation, : 

May-Hegglin anomaly: Inclusions found in the hereditary 
leukocyte and platelet disorder; similar, but not identical 
to, Dahle bodies. 

Mean: The average of a set of numbers. 

Megakaryopoiesis: The development of megakaryocytes in 
the blood. 

Megaloblast: A large, nucleated, abnormal red cell precursor, 
11 to 20 jum in diameter, oval and slightly irregular, result- 
ing from a nuclear-cytoplasmic maturation synchrony 
characteristic of vitamin B12 or folate deficiency. 

Megaloblastic: Erythropoiesis leading to fewer cellular 
divisions and consequently a larger cell. 

Melena: Black tarry feces caused by the action of intestinal 
juices on free blood. 

Melanocyte: A pigment-producing cell. 

Mesothelial cells: A single layer of mesodermal cells that 
line the pericardial sac, forming the pericardium. 

Methemoglobin (MetHgb): A form of hemoglobin wherein 
the ferrous ion (Fe?) has been oxidized to ferric ion (Fe*), 
possibly owing to toxic substances such as aniline dyes, 
potassium chlorate, or nitrate-contaminated water. 

Method validation: A series of test and calculations 
performed to validate each parameter of a new method. 
Microcyte: An abnormally small red cell with a diameter of 

less than 6 jum, 

Microcytic: Anemia associated with microcytes resulting 
in an increase in cellular divisions and consequently a 
smaller cell in the peripheral blood. 

Microspherocytes: Smail, sphere-shaped red blood cells 
seen in certain kinds of anemia 

Mixed cellularity Hodgkin lymphoma (HL): Characterized 
by Reed-Stemberg cells surrounded by a heterogeneous 
mixture of cells including lymphocytes, histiocytes, 
plasma cells, and eosinophils. : 

Monocyte: A white blood cell that normally constitutes 2% 
to 10% of the total leukocyte differential count. This cell 
is 9 to 12 yum in diameter and has an indented nucleus and 
an abundant pale bluish-gray cytoplasm Contaming many 
fine red-staining granules 

Mononuclear phagocyte system (MPS): Formerty called 
the reticuloendothelial system: a system of mononuclear 
phagocytic cells scattered throughout the body. It includes 
monocytes and macrophages in the blood and bone mar- 
row, histiocytes of loose connective tissue, reticular cells 
of lymphatic organs. Kupffer cells of the liver, cells hang 
blood sinuses of the spleen, and others. 

Morulae: lotracetlular clumps of blue-grey stained bacteria 
found in the cells of patients with Human Granulocytic 
Anaplasmosis. 7 
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Moving averages: Researchers discovered that red blood 
cell indices (mean corpuscular volume [MCV], mean 
corpuscular hemoglobin [MCH], and mean corpuscular 
hemoglobin concentration [MCHC}]) were stable in a 
normal person over a long period of time,."*. The mean 
of the RBC indices in the population of a laboratory are 
monitored for significant drifts or shifts in calibration, 
which may mean method quality problems, This QC 
procedure should not be the only source of QC of RBC 
indices, and laboratories running fewer than 100 CBCs 
a day should not utilize this procedure due to lack of 
sufficient data, 

Mucopolysaccharidoses (MPS): A group of hexosamine- 
containing polysaccharides that are the major constituent 
of mucus, 

Multiple myeloma: A neoplastic proliferation of plasma 
cells, characterized by very high immunoglobulin levels 
of monoclonal origin. 

Mutation: A change in the nucleotide sequence of DNA. 
When a large series of nucleotides are missing, the alter- 
ation is referred to as a deletion or more generally as a 
gene copy number variant. 

Myelodysplastic syndrome (MDS): A group of primary 
hematologic disorders associated with abnormal division, 
maturation, and production of erythrocytes, granulocytes, 
monocytes, and platelets; also referred to as preleukemic 
myelodysplastic syndrome. 

Myeloid-to-erythroid (M:E) ratio: A differential count 
of bone marrow obtained by dividing the number of 
granulocytes and their precursor cells by the number of 
nucleated red cells. 

Myelophthisic: The process that occurs primarily in the 
bone marrow as a result of the crowding out of normal 
elements by malignant cells. A consequential reduction 
in normal marrow cells and release of immature hemato- 
poietic cells (especially nucleated red cells) into the blood 
occurs, 

Myelopoiesis: The growth or development of myeloid cells 
in the bone marrow. 

Myeloproliferative disorders: Also called chronic myelop- 
roliferative disorders, this refers to a group of related 
neoplastic disorders including chronic myelogenous 
leukemia (CML), polycythema vera, essential thrombo- 
cythemia, and chronic idiopathic myelofibrosis. All are 
characterized by autonomous proliferation of one or more 
bone marrow elements accompanied by enlargement of 
the spleen. 


N 

Neutropenia: The presence of abnormally small numbers of 
neutrophils in the circulating blood. 

Neutrophilia:; An abnormal increase in neutrophil leuko- 


-eytes. 
: Accelerated erythropoiesis, resulting 
conditions such as acute blood loss or alcoholism. 
: Indicates the red cell is essentially 
in color, A normochromic erythrocyte has a 


well-hemoglobinized cytoplasm with a small but distince 
zone of central pallor. Area of pallor does not exceed 3 
pm when measured linearly. 

Normocyte: Having a normal erythrocyte. 

Normocytic: Anemia with normal MCHC and MCH jn con. 
junction with normal MCV. 

Nuclear molding: The process whereby the nucleus of one 
cell molds around the shape of an adjacent cell; Occurring 
with the cohesive growth of tumor cells that require the 
presence of tight junctions between the cytoplasmic mem. 
branes of the cells. 

Nucleotide: The basic building block of DNA, composed 
of a nitrogen base (A~adenine, T=thymine, G=guanine, 
or C=cytosine) attached to a sugar (deoxyribose) and 
phosphate. 
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Oncogene: A gene that contributes to the development of 
cancer. Most oncogenes are activated forms of normal 
genes that function to stimulate cell growth. 

Orthochromic (orthochromatophilic) normoblast: An 
immature red cell precursor characterized by pink 
cytoplasm and a small, round, pyknotic nucleus. This 
stage of maturation is normally found only in the bone 
marrow. 

Osmotic fragility: The ability of the red cells to withstand 
different salt concentration; this is dependent on the 
volume, surface area, and functional state of the red blood 
cell membrane. 

Osteoblast: An immature bone marrow cell responsible for 
the formation of osteocytes. 

Osteoclast: A giant multinuclear cell formed in the bone 
marrow of growing bones. 

Ovalocyte: An abnormal red cel! that is egg-shaped or 
elliptical. 

Oxyhemoglobin: The combined form of hemoglobin and 
oxygen. 


P 


Pancytopenia: A depression of each of the normal bone 
marrow elements: white cells, red cells, and platelets in 
the peripheral blood. 

Pappenheimer bodies: Basophilic inclusions in the red 
blood cell that are cluster-like. They are believed to be 
iron particles; confirmation is made by Prussian blue 
stain, 

Parachromatin: The portions of the nuclear chromatin that 
are nonstained or lightly stained. 

Parenteral: Entry into the body through the intravenous (IV) 
or intramuscular (1M) route rather than the alimentary 
route. 

Paresthesia; Numbness. 

Paroxysmal cold hemoglobinuria (PCH): A type of cold 

autoimmune hemolytic anemia usually found in children 

suffering from viral infections in which a biphasic IgG 
antibody can be demonstrated with anti-P specificity. (See 
also Donath—Landsteiner antibody test.) 


> 


pa roxysmal nocturnal hemoglobinuria (PNH): An 
uncommon acquired form of hemolysis Caused by an 
intrinsic defect in the red blood cell membrane, render: 
jn more susceptible to hemolysins in an acid environm 
and characterized by hemoglobin in the urine fol] 
periods of sleep. 
pelger-Hutt anomaly: A benign hereditary condition 
ssibly indicated by decreased segmentation, 
pericardial cavity: The potential space between the two 
membranous surfaces, containing a small amount of 
serous fluid that is secreted by the parietal pericardium, 
pericardial effusion: The abnormal accumulation of fluid in 
the pericardial space. 
pericardial sac: Fibrous structure the heart is enclosed 
within. 
pericardiocentesis: A procedure that removes pericardial 
fluid built up within the pericardial space. 
pericardium: The membrane that covers the parietal (inner) 
surface of the pericardial sac and the visceral (outer) 
surface of the heart. 
Peritoneum: A single layer membrane of mesothelial cells 
that lines the abdominal cavity. 
PFA-100° closure time: Utilizes optical aggregometry as a 
. screening test for platelet function and is performed on 
citrated whole blood. It evaluates the ability of platelets 
to interact with collagen and ADP or epinephrine in a 
capillary setting to close the lumen while under flow 
conditions similar to that of the capillary vasculature. 
Phagocyte: A cells that ingests foreign particles, microor- 
ganisms, or other cells. 
_ Phenylhydrazine: A strong oxidizing agent. 
Pia mater: An inner membrane that lies directly on the 
surface of the brain and spinal cord. 
Plasma cell: A B lymphocyte—derived cell that secretes 
immunoglobulins or antibodies. 
Plasn : A plasma cell. 
: A fibrinolytic enzyme derived from its precursor, 


ing 
ent, 
owing 


: A protein found in many tissues and body 

is important in preventing fibrin clot formation. 

s: Endothelial ceil-derived plasma proteins, 
convert plasminogen to plasmin. 

i hibitors-1 (PAI—1): Endothelial cell 

ch bind to tissue plasminogen activator 

inase to inhibit their actions. 

[): A round or oval disc, 2 to 4 j.m in diameter, 
e cytoplasm of the megakaryocyte, a large 
ow. Plays an important role in blood 
tasis, and blood thrombus formation. 

telet-to-platelet interaction, 
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Pleural cavity: The potential space between the visceral 
pleura and the parietal pleura that contains a thin film of 
serous fluid produced by the parietal pleura and absorbed 
by the visceral pleura. 

Pleural effusion: Fluid in the pleural space. 

Pluripotential stem cells: A generalized parent cell that 
gives rise to a common lymphoid stem cell, which dif- 
ferentiates into T-or B-cell ontogeny or a colony forming 
unit (CFU). 

Poikilocytic: Erythrocytes that vary only slightly from the 
concise round shape of a biconcave disc, taking on such 
peculiar shapes as teardrops, pencils, and sickles. 

Poikilocytosis: Variation in shape of red cells. 

Polychromatophilic: RBCS delivered to the peripheral 
circulation prematurely that appear gray-blue (diffusely 
basophilic) in color and usually larger than normal red 
cells. 

Polychromatophilic normoblast: An immature red cell 
precursor characterized by bluish-gray cytoplasm and a 
round, eccentrically located nucleus with a distinct chro- 
matin/parachromatin pattern of staining, and normally 
only found in the bone marrow. (Synonym: Rubricyte.) 

Polymerase chain reaction (PCR): A method of enzymat- 
ically amplifying (copying) a particular segment of DNA 
through a process of repeated cycles of heating, cooling, 
and DNA synthesis. To accomplish this, patient DNA 
is mixed with the chemicals needed for DNA synthesis 
(including deoxyribonucleotide “building blocks”, the 
enzyme DNA polymerase that copies single stranded DNA 
to form double-stranded DNA, and two short DNA probes 
called primers that are designed to span the particular 
segment of DNA that will be amplified). A thermocycler 
instrument is programmed to sequentially heat and cool 
the sample, In cycle #1, the sample is heated to 95°C to 
dissociate complementary strands of DNA, then cooled 
to 55°C to permit binding of the short DNA probes that 
serve as primers for enzymatic DNA repiication at 72°C. 
This replication generstes new complementary strands 
that represent an exact copy of the original target DNA 
In subsequent cycles, the products of previous cycles 
serve as templates for DNA replication, allowing an 
exponential accumulation of DNA copies. After 30 cycles, 
which takes only a couple of hours, approximately a 
billion copies of each target DNA have been produced. 
This permits rapid, sensitive, and specific identification 
of a segment of DNA that can then be further evaluated 
for a disease-specific genetic defect, 

Porphyrias: A group of inherited disorders caused by exces- 
sive production of porphyrins in the bone marrow or the 
liver. Two types are recognized: erythropoietic and hepatic. 

Precision: The ability to reproduce a result. 

Primary fibrinolysis: Activation of the fibrinolytic system 
that is not secondary to coagulation. 

Primary hemostasis: The interaction of platelets and the 
vascular endothelium to stop bleeding following vascular 
injury. 

Primary myelofibrosis (PMF): Also called idiopathic 
myelofibrosis or idiopathic myeloid metaplasia with 
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myelofibrosis, is a clonal hematopoietic stem cell disorder 
characterized by bone marrow fibrosis, symptom burden, 
splenomegaly, and cytopenias. 

Proaccelerin: Factor V; it functions in the common pathway 
of coagulation as a cofactor. 

Probe: A nucleic acid probe is a tool for identifying a par- 
ticular nucleotide sequence in DNA or RNA. A probe is 
composed of a nucleotide sequence that is complementary 
to the sequence of interest and is therefore capable of 
hybridizing to that sequence. Probes may be labeled to 
recognize or to count probe signals using a detector. 

Proconvertin: Factor VII; it functions in the extrinsic 
system of coagulation. 

Proliferating pool: Consists of myeloblasts, promyelo- 
cytes, and myelocytes. The cells spend 3 to 6 days in this 
pool and are capable of DNA synthesis and undergo cell 
division. 

Pronormoblast: The first recognizable “mother cell” 
(precursor) of the erythrocytic cell line. (Synonym: 
Rubriblast.) 

Protein C: A vitamin K—dependent serine protease that 
functions as a major regulatory protein in the control of 
coagulation. 

Protein S: A vitamin K—dependent factor that is a necessary 
cofactor in the reaction in which factor Va is inactivated 
by protein C. 

Prothrombin: Also known as factor II (F II), is a single- 
chain glycoprotein synthesized in the liver that is the 
most abundant clotting factor, has the longest half-life 
of the vitamin K—dependent clotting proteins, and 
circulates as a zymogen to the serine protease thrombin 
(Factor Ila). 

Prothrombinase complex: The association of factor Xa, 
factor V, phospholipid, and Ca?*, due to enzymatically 
converting the substrate prothrombin to the enzymatically 
active thrombin. Also known as the prothrombin activator. 

Prothrombin group: Consists of low molecular weight 
proteins that include factors II (prothrombin), VII (stable 
factor), IX (Christmas factor), and X (Stuart-Prower 
factor). 

Prothrombin time (PT): A test to evaluate the overall 
integrity of the clotting system that involves factors VII, 
X, V, II, and I. Commonly referred to as a means of 
evaluating the extrinsic system of coagulation. 

Protoporphyrin: A porphyrin whose iron complex forms 
the heme of hemoglobin and the prosthetic groups of 
myoglobin and certain respiratory pigments. 

Pseudohypochromia: Hypochromia in which the area of 
pallor is distinctly outlined. 

Pyknosis (pyknotic): Condensation and shrinkage of cells 
through degeneration. 

Pyruvate kinase (PK): An essential enzyme in RBCs that 
generate adenosine triphosphate (ATP) through the 
Embden-Meyerhof glycolytic pathway. 

Pyruvate kinase deficiency: An enzymatic disorder in the 

Embden-Meyerhof pathway caused by a deficiency in 

pyruvate kinase. Hemolysis and anemia persist after 

splenectomy. The trait is autosomal recessive. 


SS 
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Quality Assurance: The activities implemented in a quali 
plan so that quality requirements for a product or Service 
will be fulfilled. 

Quality Control: The observation and review techniques 
used to fulfill requirements for quality. 

Quality control levels: The observation and review techniques 
used to fulfill requirements for quality. 

Quality System Essentials (QSEs): A road map for how a ab. 
oratory establishes a Quality Management System (QMS). 


Reflex test: A parameter that automatically requests further 
testing. 

Reiter’s syndrome: A reactive arthritis caused by intestinal 
bacteria that also affect the skin, eyes, and muscles. 

Replication: The process by which DNA is copied. Replication 
is carried out by the enzyme DNA polymerase that recog- 
nizes single stranded DNA and fills in the appropriate com- 
plementary nucleotides to produce double stranded DNA. 
Synthesis is initiated at a free 5’ end where double stranded 
DNA lies adjacent to single stranded DNA, and replication 
proceeds in the 5’ direction. In the laboratory, DNA replica- 
tion is induced as a means of copying DNA sequences. 

Reptilase: An enzyme, thrombin-like in nature, derived 
from the venom of Bothrops atrox. It predominantly 
hydrolyzes fibrinopeptide. A from the fibrinogen 
molecule, in contrast to thrombin, which hydrolyzes 
fibrinopeptides A and B, 

Restriction endonuclease: An enzyme that cleaves DNA 
at specific nucleotide sequences. For example, HindIII 
cleaves DNA only where the sequence S’-AAGCTT-3’ 
is present. A variety of other enzymes cut at different 
specific target sequences. | 

Reticulocyte: A red blood cell containing a network of | 
granules or filaments representing an immature stage in | 
development. It normaily comprises about 1% of 
circulating red blood ceils. | 

Reticuloendothelial system (RES): A term applied to those 
cells scattered throughout the body that have the power to 
ingest particulate matter. It includes histiocytes of loose 
connective tissue; reticular cells of lymphatic organs: 
Kupffer cells of the liver; cells lining blood sinuses of 
the spleen, bone marrow, adrenal cortex, and hypophysis; | 
and other cells. | 

Ribonucleic acid (RNA): A nucleic acid that controls pro- 
tein synthesis in all living cells. There are three different 
types, and all are derived from the information encoded 
in the DNA of the cell. Messenger RNA (mRNA) carries 
the code for specific amino acid sequences from the DNA 
to the cytoplasm for protein synthesis. Transfer RNA 
(tRNA) carries the amino acid groups to the ribosome for 
protein synthesis. Ribosomal RNA (rRNA) exists within 
the ribosomes and is thought to assist in protein synthes!s. 

Ring sideroblasts: Nucleated red blood cells in which iron 
is accumulated in the mitochondria that surround the 
nucleus. 


— 


pistocetin cofactor activity assay: A method that quantita- 
tively measures plasma vWF activity and also utilizes 
an aggregometer to determine the rate of agglutination 
ofa standardized suspension of formalin-fixed normal 
platelets, ristocetin (1.0 mg/mL), and patient plasma, 

Rist ocetin-induced platelet agglutination (RIPA) assay: 
A method that qualitatively assesses the platelet-vWF 
functional interaction and utilizes an aggregometer and 
evaluates vWF binding with GP Ib/IX/v. 

RNA (ribonucleic acid): A single stranded molecule com- 

sed of ribonucleotides (A,C,G and U=uracil). RNA is 

produced by transcribing from a DNA template (a gene), 


and RNA in tum serves as a template for protein translation. 


Romanowsky-stained blood smear: Visualizes Pappenhe- 
mier bodies by staining the protein matric of the granule. 

Rouleaux: A group of red blood corpuscles arranged like a 
roll of coins, owing to an abnormal protein coating on 
the cells’ surfaces; seen in multiple myeloma and 
Waldenstrém’s macroglobulinemia. 

Run: A finite length of time or number of patient samples. 
QC is designed to be analyzed at the beginning and end 
ofa run. The CLIA definition of a run for QC purposes is 
24 hours for most analytes. However, coagulation and a 
few other tests require QC analysis every 8 hours. 


s 


Schistocyte: An abnormal red cell that is formed when 
pieces of the red cell membrane become fragmented. 
Whole pieces of the red cell membrane appear to be 
missing, causing bizarre-looking red cells. 
Secondary hemostasis: The enzymatic activation of the 
coagulation proteins to produce fibrin from fibrinogen. 
Segmented neutrophils: Mature granulocytes. 
Senescence: The aging process of the red cells. 
Serine proteases: A family of proteolytic enzymes with the 
amino acid serine at the active site. 


Sézary syndrome: Skin disease characterized by infiltration 
_ With atypical Sézary cells. The exfoliative dermatitis is 
“considered a variant form of mycosis fungoides. 
An abrupt move in which six or more consecutive QC 

lues above or below the mean. 
9 the left: An abnormal cell maturation situation that 
urs when increased bands, less mature neutrophils, 

smaller average number of lobes are found in 
cells; it may be caused by infection, 
ic disorders, or physiologic factors. 
ght: An abnormal cell maturation situation 


icative of vitamin B12 or folate deficiency. 
(HDbSS disease): A hereditary, chronic 

th abnormal sickle- or crescent-shaped 

e present. It is caused by the presence of 

in the red blood cells. The gene that causes 
rs with high frequency in African and 


g normoblast in the bone marrow. 
10 90% of normoblasts in the marrow. 


Serous fluid: Fluid from the thoracic and abdominal cavities. 
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Siderophages: Iron-containing macrophages. 

Siderotic granules: Iron-containing granules. See 
Pappenheimer bodies. 

Sinuses: An artery entering the bone branches out toward 
the periphery to specialized vascular spaces. 

Six Sigma approach: A quality plan based on reducing 
error to achieve quality results. . 

Small lymphocytic lymphoma (SLL): The tissue equivalent 
of chronic lymphocytic leukemia (CLL) in the marrow 
and blood with a diffuse growth pattern, although 
pseudofollicular growth centers may be observed. 

Spectrin: A large molecule, found on the inner surface of red 
blood cell membrane, that is responsible for the biconcave 
shape of the red cell as well as for its deformability. 

S-phase fraction (SPF): Percentage of cells that are replicat- 
ing their DNA. The higher the S-phase fraction the more 
rapidly cells are dividing and the more aggressive is a 
malignancy. 

Spherocyte: An abnormal red blood cell shape that appears 
as a solid reddish-orange disc with no central pallor. 
Spherocytes are smaller than normal red cells, have a 
concentrated hemoglobin content, and have a decreased 
surface-to-volume ratio. 

Spillover: The overlap of the emission spectra of two 
fluorophores. 

Splenomegaly: Enlargement of the spleen seen in several 
blood disorders. 

Staining Index (SI): Used to estimate the brightness of a 
fluorophore through the relationship between the positive 
and negative signals. 

Standard deviation (SD): Mathematically describes the 
spread of data about the mean. 

Statistical process control: A general term for the parts of 
a control system in which statistics are used, such as a 
Levy—Jennings graph 

Stoke’s Shift: The difference, in nanometers, between the 
peak excitation and the peak emission wavelengths. Each 
fluorophore has a distinct and individual Stoke’s Shift. 

Stomatocyte: An abnormal red cell shape; this shape 
appears as having a slitlike area of central pallor. 

Streptokinase: A product of beta-hemolytic streptococci 
capable of liquefying fibrin. 

Subarachnoid space: The area between the arachnoid 
mater and pia mater. 

Syncytium: A mass of cytoplasm containing several nuclei. 
Synovial cavity: The space that exists between the bones and 
is enclosed by the synovium and intra-articular cartilage. 

Synovial fluid (mucin): An ultrafiltrate of plasma secreted 
by the synovial cells and transports nutrients to the 
articular cartilage. 


T 


Tandem Dyes: A fluorescent dye that consists of two 
coupled fluorophores. Light excitation of one of these 
fluorophores causes it to emit light that excites the 
other. 

Target cells: A cell that resembles a target (sometimes 
referred to as a “bull’s eye” cell) that appear on the 
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peripheral blood because of an increase in RBC surface 
membrane. (Synonym: Codocyte.) 

Teardrop cells: An abnormal red cell, shaped like a tear, 
seen frequently in the myeloproliferative disorders. 
(Synonym: Dacrocyte.) 

Thalassemia: A group of hereditary anemias produced 
by either a defective production rate of alpha- or beta- 
hemoglobin polypeptide. This disorder is inherited in 
homozygous or heterozygous state. 

Thalassemia major: The homozygous form of deficient 
beta chain synthesis, which is very severe and presents 
itself during childhood. Prognosis varies; however; the 
younger the child when the disease appears, the more 
unfavorable the outcome. 

Thrombin: An enzyme that converts fibrinogen to fibrin so 
that a soluble clot can be formed. 

Thrombin time (TT): A coagulation procedure that 
measures the time required for thrombin to convert 
fibrinogen to an insoluble fibrin clot. 

Thrombocytopenia: Decreased numbers of platelets. 

Thrombocytosis: Increased numbers of platelets. 

Thrombotic thrombocytopenic purpura (TTP): A 
severe condition characterized by thrombocytopenia, 
microangiopathic hemolytic anemia, renal dysfunction, 
neurologic abnormalities, and fever. 

Tissue factor (TF): An endothelial cell phospholipid that 
forms a complex with factor VIla to activate factor X. 
T. factor pathway inhibitor: A plasma protein that inhib- 

its tissue factor—factor VIIa complex in the extrinsic 
clotting cascade. 

Tissue plasminogen activator (tPA): A clotting factor 
produced by vascular endothelial cells that selectively 
bind to fibrin as it activates fibrin-bound plasminogen. 

Toxic granulation: Medium to large metachromatic granules 
that are evenly distributed throughout the cytoplasm. 
May be seen in severe bacterial infections, severe burns, 
and other conditions. 

Toxic vacuolization: Round, clear unstained areas that 
are dispersed randomly throughout the cytoplasm of 
neutrophils in patients with overwhelming infections. 
Strongly indicates a serious bacterial infection. 

Trabeculae: Bands or bundles of connective tissue. 

Transcription: Synthesis of RNA from a DNA template 
(a gene). 

Transferrin: A glycoprotein synthesized in the liver, with 
the primary function of iron transport. 

Transferrin Receptor: Membrane glycoprotein that medi- 
ates cellular uptake of ferric transferrin. 

Translation: Synthesis of protein from an RNA template 
(a transcript). 

Translocation: A chromosomal rearrangement whereby part 
of one chromosome breaks off and becomes attached to 
another chromosome. The site of juxtaposition between 
the two chromosomes is referred to as the breakpoint. 

Trend: A slow change in QC values on a QC chart, either 

rising or falling steadily by a set of six or more consecu- 

tive data points. 


te 


U 


Unassayed Control Material: A commercially Prepared 
control that does not have specific ranges verified by 
the manufacturer. The laboratory must run the contro| 
material in replicate over several days or weeks to 
establish an initial mean and SD, 

Urokinase: A trypsin-like protease, found in the urine and 
synthesized by the kidney, that activates plasminogen by 
proteolytic cleavage. Differs from tissue plasminogen 
activators in that urokinase reacts with plasminogen jn 
the fluid phase of blood. 


Vv 


VCS technology: A combination of cell volume, conductiy- 
ity, and light scatter measurements used to differentiate 
white blood cells and enumerate nucleated red blood 
cells (NRBCs). 

Venous thromboembolism (VTE): A condition that occurs 
when a blood clot forms in a vein. 

Ventriculoperitoneal shunt: A drainage device inserted into 
the ventricles of the brain to remove excess CSF in cases 
of hydrocephalus, neoplastic conditions, or head injury. 

Viscous metamorphosis: The transformation of irreversibly 
aggregated platelets into a mass of degenerative platelet 
material without membranes. 

vWFE-binding activity assay (vWF: Co): Assesses the 
ability of vWF to bind to collagen. 

von Willebrand disease (vWD): A congenital bleeding 
disorder inherited as an autosomal-dominant trait and 
characterized by a decreased Jevel of factor VIII:C anda 
prolonged bleeding time 

von Willebrand factor (vWf); A component of the 
factor VIII molecule that mediates platelet interaction 
with subendothelium. 


W 


Westgard Rules: A set of rules ‘0 assist the technologist in 
making decisions when reviewing QC data. 

White blood cell (WBC): Also known as leukocytes, protect 
the body from infection. 

World Health Organization (WHO): A specialized agency 
of the United Nations responsible for international public 
health. 


X 


Xanthochromia: A pink, orange, or yellow color of the 
supernatant, caused by the breakdown of a hemoglobin. 

Xerocytosis: A decrease in red cell hydration and volume 
due to abnormalities in red cell cation permeability. 


Z 


Z-score: Measures how many standard deviations the mean 
of an analyte is from the mean of the peer group. A Z-score 
has no units; however, the score can be positive or negative. 

Zymogen: A substance that, when paired with its zymase, 
becomes an enzyme. 
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Cytocentrifugation 
artifacts of, 692, 692f 
body fluid, 692, 6921, 692f 
cerebrospinal fluid, 707 
Cytogenetics 
of acute lymphoblastic leukemia, 364-366, 365t 
of acute myeloid leukemia, 364-366, 365t 
of anaplastic large cell lymphoma, 490-491 
of Burkitt lymphoma, 489 
of chronic lymphocytic leukemia, 459t, 462 
of chronic myelogenous leukemia, 394-395, 
394f-395f, 398 
of lymphoplasmacytic lymphoma, 489 
of multiple myeloma, 509, 510t, 510f 
of myelodysplastic syndromes, 433, 445-446 
of non-Hodgkin lymphoma, 482, 4821, 482f 
of polycythemia vera, 413 
of primary myelofibrosis, 422 
of small lymphocytic lymphoma, 488-489 
Cytokines 
description of, 34, 341, 361, S05 
in primary myelofibrosis, 419 
proinflammatory, 15$ 
recombinant, 34-35 
Cytomegalovirus infection, 344 
Cytoplasmic markers, in acute leukemia, 363 
Cytotoxic T lymphocytes, 268 


D 
D-Dimer, 642f 
assay of, 675, 795 
case study of, 681 
Dabigatran, 582, 679 
Dacrocyte. See Teardrop erythrocyte 
Dactylitis, in sickle cell anemia, 228 
Danaparoid, in heparin-induced thrombocytopenia, 672 
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Daratumumab, 515 
DDAVP. See Desmopressin acetate 
Deep vein thrombosis (DVT), 678, 788 
Defibrination syndrome. See Disseminated intravascular 
coagulation (DIC) 
Define, Measure, Analyze, Improve, and Control 
{DMAIC), 112, 112f 
DEK-NUP214, 368 
Delta checks, 84, 116, 120-121 
Deming, W. Edward, 113 
Dendnitic cell tumors, 492 
Deoxyhemoglobin, 52, 52f 
Deoxyribonucleic acid (DNA), 819, 820f. See also 
Molecular techniques 
Desmopressin acetate (DDAVP) 
in uremia, 593 
in von Willebrand disease, 592 
Dextran, platelet dysfunction with, 596 
Diabetes mellitus, 316, 318t 
Diamond-Blackfan anemia, 273 
Diapedesis, 15, 329, 329f 
DIC. See Disseminated intravascular coagulation (DIC) 
Dickkopf 1 (DKK1), 507 
Differential analysis. See Automated differential analysis 
Differential count. See White blood cell count differential 
Diffuse large B-cell lymphoma, 488f, 489 
Digital morphology analyzers, 759 
Digital polymerase chain reaction, 822 
Diluted Russell's viper venom time assay, 627t-628t, 
628, 668, 6681 
2,3-Diphosphoglycerate (2,3-DPG), 52, 133 
Diphyllobothrium latum, vitamin B., deficiency with, 
175 
in autoimmune hemolytic anemia, 287 
in warm autoimmune hemolytic anemia, 290 
Direct oral anticoagulants (DOACs), 678-679 
Direct thrombin inhibitors (DTI) 
in heparin-induced thrombocytopenia and thrombosis 
syndrome, 582 
monitoring of, 782-783 
in thrombosis, 679 
Direct Xa inhibitors, 678 
Disseminated intravascular coagulation (DIC), 585, 
642-648 
acute (decompensated), 647, 648t 
case study of, 650-651 
chronic (compensated), 647, 648t 
clinical presentation of, 644f, 645, 645b 
hypercoagulable state, 648 
laboratory diagnosis of, 645-648, 6461, 646f, 6481 
pathogenesis of, 642-644, 645b 
primary fibrinolysis vs., 649, 649t 
treatment of, 648 
Divalent metal transporter 1, 145 
DNA, 819, 820f. See also Molecular techniques 
DNA polymerase, 821 
DNA polymorphisms, 823 
DNA sequencing, 819, 826-827 
Dohle bodies, 103-104, 331, 331f, 338, 338f 
Donath-Landsteiner test, 294, 295t 
Down syndrome 
myeloid leukemia associated with, 375 
myeloid proliferations related to, 374 
Drepanocyte. See Sickle cell 
Drowning, hemolysis with, 304 
Drug(s). See also specific drug 
aplastic anemia with, 269, 26%, 269f 
folic acid deficiency with, 177, 177t 
hemolytic anemia with, 211b, 295-297, 296f, 
2961-297 
macrocytosis with, 181 
methemoglobinemia with, 218 
neutropenia with, 332, 332t 
oxidative hemolysis with, 304 
platelet dysfunction with, 580-581, 595t, 595-596 
purpura with, 597, 597f 


red cell aplasia with, 273 

thrombocytopenia with, 580-581, 595t, 595-596 

thrombocytosis with, 586 

thrombosis with, 673 

vitamin B,, deficiency and, 175 
Drug-induced immune thrombocytopenia, 580t, 580-581 
Dual energy x-ray absorptiometry, in multiple myeloma, 

512 

Dura mater, 690 
Dutcher bodies, 517 
Dyserythropoiesis, 434-437, 436f-437f 
Dyserythropoietic anemia, congenital 

type I, 273-274, 274f, 2741 

type II, 274, 2741, 274f 

type Il, 274, 274t 
Dysfibrinogenemia, 607, 6091, 609-610, 666 
Dysgranulopoiesis, 434, 438, 438f 
Dyskeratosis congenita, 272-273 
Dysmegakaryopoiesis, 434, 438-440, 439f-440f 
Dysplasia, reactive causes of, 446, 447f 
Dysprothrombinemia, 610 


E 
E-rosette, 377, 377f 
Early T-cell precursor acute lymphoblastic leukemia 
(ETP-ALL/LBL), 381 
EBV infection. See Epstein-Barr virus (EBV) infection 
Echinocyte (burr cell), 84-85, 87f, 97, 97f, 101t, 305f 
Eclampsia, 585-586 
Eculizumab, 278 
Effector cells, 285 
Effusion 
benign/reactive, 696, 6961, 697f 
chylous, 695, 696t 
exudate, 695t, 695-696 
hemorrhagic, 696 
malignant, 698-699, 698f-699f, 700t 
mesothelial cells in, 696t, 697, 697f-698f 
microorganisms in, 698, 698f 
normal, 695 
pericardial, 700t, 700-703, 702f 
peritoneal, 700t, 703-704 
pleural, 700t, 700-703, 702f 
pseudochylous, 695, 696t 
transudate, 6951, 695-696 
Ehlers-Danlos syndrome, 600 
Ehrlichiosis, 105 
Electrophoresis 
agarose gel, 258 
cellulose acetate, 231, 231f, 258 
Helena SPIFE acid, 731 
Helena SPIFE alkaline, 731, 731f 
hemoglobin, 231 f, 231-232, 239, 258, 258f, 2591, 
731, 731f 
immunoglobulin, 502, 502f 
in thalassemia, 258, 2591 
unstable hemoglobins, 239 
Elliptocyte, 94, 94f-95f, 101t 
Elliptocytosis, hereditary 
common, 200-201, 201t 
diagnosis of, 202 
membrane studies in, 202 
mild, 200f, 202 
mode of inheritance of, 200 
molecular defects in, 200, 200f 
pathophysiology of, 200 
peripheral blood smear in, 94, 94f, 200f, 202, 202f 
phenotypes of, 200f-201f, 200-202, 201t 
red cell indices in, 202 
spectrin mutations as cause of, 48 
treatment of, 202 
Eltrombopag, 272 
Embden-Meyerhof glycolytic pathway, 54, 208, 210f, 
214 
Empyema, 700 
End-stage renal disease (ESRD), 313 
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Endocrine disease/disorders, anemia of 
adrenal insufficiency, 316-317, 318t 
diabetes mellitus, 316, 318t 
hyperparathyroidism, 317 
hypogonadism, 317 
pituitary dysfunction, 317-318 
thyroid disease, 317 

Endomitosis, 26 

Endothelium 
anticoagulant activity of, 656 
cytokine production by, 34t 
description of, 544-545, 5451-5461, 655-656 
prothrombotic activity of, 656 

Endotoxin, in disseminated intravascular Coagulation, 
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Endpoint detection, 775-776 

Enterocytes, 144 

Enzyme-linked immunosorbent assay (ELISA), 786, 786 

Enzyme replacement therapy 
in Gaucher’s disease, 531 
in Tay-Sachs disease, 534 

Eosinophil(s) 
band, 19, 20f, 21t 
body fluid, 695, 702 
bone marrow, 76t 
cerebrospinal fluid, 708, 708f 
development of, 19-20, 19f-20f, 211 
disorders of, 338-339, 339t 
function of, 338 
morphology of, 3f, 4, 4f 
in peritoneal fluid, 705 
reference value for, 3t 
segmented, 19, 20f, 21t 
synovial fluid, 711 
tissue, 20, 22f, 24f 

Eosinophilia, 338-339, 339t 

Eosinophilic granuloma, 538, 538t 

Ependyma, 690 

Epinephrine, thrombocytosis with, 586 

epsilon-Aminocaproic acid, in idiopathic 

thrombocytopenic purpura, 579 

Epstein-Barr virus (EBV) infection 
antibody tests in, 346 
Chédiak-Higashi syndrome and, 335 
clinical findings of, 343 
differential diagnosis of, 343 
historical perspective on, 342-343 
Hodgkin lymphoma and, 478 
treatment of, 343-344 

Eptifibatide, 580, 596 

Error. See also Quality assurance 
accuracy measurement for, 117f, 117-118 
definition of, 117 
precision measurement for, 117f, 118, 118f 

random, 118-119, 123-124 

systematic, 117f, 117-118, 123 

Westgard rules for, 122-123 
Erythroblast 

basophilic, 11, 11f, 13t, 14f, 76t 

Beckman Coulter DXH Series imaging of, 744f 

orthochromatic, 11f-12f, 13t, 14f, 14-15, 76t 

polychromatophilic, 11f-12f, 12, 13t, 14f, 76t 

in pure erythroid leukemia, 372 
Erythroblastosis, 289, 290t 
Erythrocyte sedimentation rate (ESR), 736 
Erythrocytosis 

absolute, 408 

relative 

description of, 408 
polycythemia vera vs., 409t, 413 

Erythroferrone (ERFE), 147 
Erythroid-stimulating agents, 448 
Erythroleukemia (M6), 358t 
Erythromelalgia 

description of, 594 

in essential thrombocytopenia, 415 

in polycythemia vera, 411 
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Fragment Y, 641 
Free fatty acids, 48 
Fully automated analyzers, 775 


G 


Gastrectomy, vitamin B,, deficiency after, 175 
Gastritis, atrophic, 174 
Gastrointestinal tract, angiodysplasia of, 599 
GATA2-MECOM, 368-369 
Gaucher's cell, 66f, 527f, 527-528 
Gaucher’s disease 
classification of, 527t, 527-529 
clinical findings of, 527t, 527-529, 528f 
historical perspective on, 527 
laboratory diagnosis of, 529t, 529-530 
prognosis for, 530 
treatment of, 531 
type I (adult), 527-528, 527t-528t 
type II (infantile), 527t, 528-529 
type III (juvenile), 527t, 529, 5291 
Gaussian distribution, 118, 118f 
Gene, 819 
Gene rearrangement, 823 
Gene therapy, for sickle cell anemia, 234 
Gestational thrombocytopenia, 585 
Ghrelin, 313 
Giant hemangioma, 600 
Gingival hypertrophy, in acute leukemia, 372, 372f 
Glanzmann’s thrombasthenia 
clinical features of, 588 
diagnosis of, 587t, 588, S88f 
treatment of, 588 
Globin chains 
description of, 247, 248t. See also Hemoglobin 
synthesis of, 49-50, 51f 
Globin genes, 223, 2241, 224f, 247, 248f-249f 
Glossitis, in iron-deficiency anemia, 151, 152f 
B-Glucerebrosidase deficiency. See Gaucher’s disease 
Glucocerebrosidase, 527, 529 
Glucose, in synovial fluid, 710t 
Glucose-6-phosphate dehydrogenase (G6PD) deficiency 
case study of, 219-220 
clinical findings of, 212 
clinical manifestations of, 212t 
diagnosis of, 212f, 212-213 
genetics of, 209 
mode of inheritance of, 209-210, 210t 
pathogenesis of, 210-212, 211b 
peripheral blood smear in, 211f 
screening test for, 731 
Glucose 6-phosphate isomerase deficiency, 217, 217t 
Glucuronidase deficiency disease, 536t 
Glutathione (GSH), 210 
Gluten-sensitive enteropathy, folic acid deficiency in, 177 
Glycolipids, 48 
Glycophorin, 45, 46t 
Glycophorin C, 194t 
B-2-glycoprotein, antibodies to, 626 
Glycoprotein Ib/IX/V, 551 
Glycoprotein IIb/Illa, 552 
Glycosyl phosphatidylinositol anchor, 44 
GM, gangliosidosis, 533b, 533f, 533-534 
Gou 


neutrophilic metamyelocyte, 18, 18f 
platelet 
deficiency of, 589-590 
description of, 548, 549t, 656 

siderotic, 87f, 99-100, 100f, 137 

tissue neutrophil, 19, 19f 
Granulocyte(s). See also Basophil(s); Eosinophil(s); 

Neutrophil(s) 

development of. See Myelopoiesis 

peripheral blood pools of, 10, 10f 
Granulocyte colony-stimulating factor (G-CSF) 

description of, 36t, 65 

recombinant, 34 
Granulocyte-macrophage colony-stimulating factor 

(GM-CSF) 

description of, 36t, 65 

recombinant, 34 
Granulocytopoiesis. See Myelopoiesis 
Grasbeck syndrome, 182 
Gray platelet syndrome, 589-590 
Gum hypertrophy, in acute leukemia, 372, 372f 


H 


Hageman factor. See Factor XII 
Hair-on-end appearance, of skull, 250, 251f 
Hairy-cell leukemia 
bone marrow examination in, 70f 
description of, 459t, 466t, 467f, 470, 470f 
Hallmark cell, 491f 
Ham’s test, in paroxysmal nocturnal hemoglobinuria, 
139t, 276, 277£ 
Hand-foot syndrome, in sickle cell anemia, 228, 229f 
Hand-Schiller-Christian disease, 538, 538t 
Haptoglobulin, 56 
in hemolytic anemia, 191 
in immune hemolytic anemia, 286, 287f 
HC-I, 657t 
Heart valves, prosthetic, hemolytic anemia with, 303, 
303f 
Heavy chain, 500, 501f 
Heavy chain disease, 518 
Heinz bodies 
description of, 100, 100f, 137, 137f 
in G6PD deficiency, 211, 211f, 213 
staining for, 137, 735, 735f 
Helena SPIFE acid hemoglobin electrophoresis, 731 
Helena SPIFE alkaline hemoglobin electrophoresis, 731, 
73if 
Helicobacter pylori infection, autoantibodies in, 174 
HELLP syndrome, 585-586 
Helmet cell (bite cell), 46, 47£, 87f, 97, 97f, 101t, 
318f 
Hemacytometer, 723, 723f 
body fluid examination with, 692 
platelet count with, 724 
Hemangioma, giant, 600 
Hemarthrosis, 711 
Hematek 3000 Slide Stainer, 725, 725f 
Hematocrit 
in anemia, 134-135 
determination of, 727 
in polycythemia vera, 411 
Sysmex XN and XN-L Series automated analysis of, 
751 
Hematogones, 63-64, 64f 
Hematoidin crystals, in cerebrospinal fluid, 708, 708f 
Hematology, history of, 2b 
Hematolymphoid disorders, 61 
Hematopoiesis, 7-10, 10f. See also Erythropoiesis; 
Lymphopoiesis; Myelopoiesis 
adult, 9-10, 10f 
cytokines in, 34, 35f, 36 
definition of, 7, 61 
fetal, 9, 10f 
ineffective, 134 
ontogeny of, 10f 


Ce 


Hematopoietic progenitor cells, 815 
Hematopoietic stem cell transplantation 
in multiple myeloma, 515 
in sickle cell disease, 233 
Hematopoietic stem cells, 7-8, 8f, 10f 
Hematuria 
hemoglobinuria vs., 286 
in sickle cell anemia, 230 
Heme 
description of, 224 
synthesis of, SOf 
Heme synthetase deficiency, 160t 
Hemochromatosis 
hereditary, 160, 160t 
laboratory findings in, 159t 
pathophysiology of, 161, 161f 
treatment of, 162 
secondary, 160 
Hemodialysis, in uremia, 593 
Hemoglobin. See also specific hemoglobins 
abnormal, 53 
in anemia, 134-135, 727 
composition of, 51t 
degradation of, 191, 192f 
electrophoresis of 


description of, 231f, 231-232, 236, 236f, 258, 258f, 


259 
Helena SPIFE acid, 731 
Helena SPIFE alkaline, 731, 731f 
function of, 49, 52, 146t 
genetic control of, Sif 
globin synthesis, 49-51 
in hereditary spherocytosis, 198 
high-affinity, 237, 239f 
inheritance of, 224, 224f 
isoelectric focusing of, 231 
in megaloblastic anemia, 170 
multi-angle polarized scatter separation analysis of, 
755, 755£ 
nomenclature for, 225 
oxygen affinity of, 52-53 
pigments of, 56 
reference range for, 132, 132t 
respiratory movement, 52 
structure of, 49-53, 224, 224t 
synthesis of 
description of, 49-51, 24 
disorders of. See Thalass 
Sysmex XN and XN-L S 
in thalassemia, 257 
unstable, 239, 239f, 240t 
Hemoglobin A, 49f, 50, 731 
Hemoglobin A, 50, 731 
Hemoglobin Bart's, 252-254, 253£, 255t 
Hemoglobin C disease 
description of, 100, 1011, 234-235, 235f, 237t-238t 
B-thalassemia with, 256 


39, 731, 733f 


—248, 248t 


ysis of, 750-751 


Hemoglobin Constant Spring, 25 
Hemoglobin D disease, 235 
Hemoglobin D trait, 235 
Hemoglobin distribution width (HDW), 758 
Hemoglobin E disease 
description of, 235 
B-thalassemia with, 256-257 
Hemoglobin E trait, 235 
Hemoglobin F, 224t, 226, 231 
acid elution stain for, 257, 731, 734f 
electrophoresis of, 258, 258f, 259t 
flow cytometry for, 258, 258f a 
hereditary persistence of, 237, 238t, 254-255, 253 
heterocellular, 255 
pancellular, 255 
quantitation of, 259 
in sickle cell anemia, 231-232, 233t ; 
Hemoglobin F acid stain, 257, 731, 734f 
Hemoglobin Gower, 50 
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Jobin H disease, 252-253, 253f-254f, 255t, 257 
Jobin Lepore, 253f, 255-256 
emoglobin M disease, 218, 240, 240t 
fe 
globin Opes, Sait, 236 
globin Portland, 50, 252 


a aplobin S, 224, 226f, 237. See also Sickle cell 


Hemoe 
Hemoe 


anemia 
B thalassemia with, 256 
electrophoresis of, 236f 
malaria and, 239 
screening for, 231 f, 231-232 
Hemoglobin S/B thalassemia, 237, 237t-238t 
Hemoglobin S-Oman disease, 237 
Hemoglobin SC disease, 100-101, 101f, 236, 236f, 
241-242 
Hemoglobin SD disease, 237 
Hemoglobin SO,.., disease, 237 
Hemoglobinemia, 56 
Hemoglobinopathies, 223-243, 246. See also Sickle cell 
anemia; Thalassemia; specific hemoglobins 
Hemoglobin-oxygen dissociation curve, 52, 52f 
Hemoglobinuria 
definition of, 56 
hematuria vs., 286 
jn immune hemolytic anemia, 286, 287f 
march, 303 
paroxysmal cold, 87, 294, 294t 
paroxysmal noctumal. See Paroxysmal nocturnal 
hemoglobinuria 
Hemolysis. See also Hemolytic anemia 
extravascular, 55, 56f, 283 
in hematological specimen, 721 
intravascular, 55-56, 56f, 283 
nonoxidative, 304, 304f 
oxidative, 303-304 
Hemolytic anemia 
alloimmune, 287-289, 2881-289 
of newborm, 289, 2891-2901 
transfusion-associated, 287-288, 288t 
autoimmune, 287, 289-291 
cold, 291-295, 292t-295t, 293f, 298t 
case study of, 307 
mixed, 294-295 
peripheral blood smear in, 286, 287f 
warm, 289-291, 290t, 295t, 298t 
case study of, 306 
tudies of, 306-307 
of, 190-191 
of, 191-193, 192f 


sociated, 208-220, 217t. See 
e-6-phosphate dehydrogenase 
= Methemoglobin reductase 
7; Pyruvate kinase, deficiency of 
jated, 193-202. See also 
; Spherocytosis, 
is, hereditary; 


otoxicity in, 285 


mechanical, 298t, 302-303, 302f-303f 
membrane disorder-related, 299t, 304-305, 
305f 
Hemolytic disease of the newborn, 289, 289t-290t 
Hemolytic transfusion reaction 
acute, 288, 288t 
delayed, 288, 289t 
Hemolytic uremic syndrome, 585, 585t 
Hemopexin, 56 
Hemophilia, acquired, 625 
Hemophilia A, 607, 615-61 7, 617t, 631 
Hemophilia B, 6071, 620-621 
Hemophilia C, 607t, 622 
Hemorrhage 
diffuse. See Disseminated intravascular coagulation 
(DIC) 
subarachnoid, 705 
thrombocytosis after, 586 
Hemorrhagic effusion, 696 
Hemosiderin 
cerebrospinal fluid, 708, 708f 
description of, 144, 146t, 147 
urinary, 286f 
Hemosiderinuria, 276, 286f 
Hemostasis, 543-571, 544t, 544f, 638, 639f 
assessment of 
rotational thromboelastometry for, 777 
thromboelastography for, 776-777 
case study of, 569 
complement system in, 566 
disorders of. See specific bleeding and coagulation 
disorders 
endothelium in, 544-545, 545t-546t, 655-656 
fibrinolytic system in, 565. See also Fibrinolytic 
system 
kinin system in, 565-566 
laboratory evaluation of, 566-568, 567t, 567b 
primary, 544, 549, 771. See also Platelet(s) 
secondary, 544, 556-561. See also Coagulation; 
specific coagulation factors 
thrombin-mediated reactions in, 561-565, 565t, 
656-657 
Hemothorax, 700 
HEMPAS (hereditary erythroblast multinuclearity with a 
positive acid serum test), 274, 274t, 274f 
Heparan sulfate, 546t 
Heparin 
activated partial thromboplastin time monitoring of, 
782 
in disseminated intravascular coagulation, 648 
low-molecular-weight, in thrombosis, 677-678 
monitoring of, 677, 782 
in thrombosis, 676-680 
unfractionated, in thrombosis, 676-677 
Heparin-induced thrombocytopenia (HIT), 581-582, 
670-672, 6751 
clinical manifestations of, 670 
laboratory diagnosis of, 671-672 
mechanism of, 671, 671f 
treatment of, 672 
Heparin-induced thrombocytopenia and thrombosis 
syndrome, 581-582 
Hepatocytes, 56 
Hepatomegaly, in primary myelofibrosis, 419, 420f 
Hepeidin, 146, 149, 153, 320 
Hephaestin, 145 
Hereditary disorders, See Congenital disorders 
Hereditary elliptocytosis 
clinical phenotypes of, 200f-201f, 200-202, 201t 
common, 200-201, 201t 
diagnosis of, 202 
membrane studies in, 202 
mild, 200f, 202 
mode of inheritance of, 200 
molecular defects in, 200, 200° 
pathophysiology of, 200 
peripheral blood smear in, 94, 94f, 200f, 202, 202f 
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red cell indices in, 202 
spectrin mutations as cause of, 48 
treatment of, 202 
Hereditary hemorrhagic telangiectasia, 599, 599f 
Hereditary hydrocytosis, 202-204 
Hereditary spherocytosis 
acidified glycerol lysis test in, 199 
clinical findings of, 198 
diagnosis of, 198f, 198-199 
membrane studies in, 199 
mode of inheritance of, 197 
molecular defects in, 197, 197b 
osmotic fragility test in, 199 
pathophysiology of, 197-198, 198f 
peripheral blood smear in, 92-93, 93f, 197f, 199 
red cell indices in, 198 
spectrin mutations as cause of, 48 
treatment of, 199 
Hermansky-Pudlak syndrome, 577t, 590 
Heterophile antibodies, 346, 346f 
Heterozygous thalassemia, 257 
Hexagonal phospholipid neutralization test, 628t, 629, 
668t, 795 
Hexokinase deficiency, 216-217, 217t 
Hexosaminidase A deficiency, 533b, 533f, 533-534 
Hexose monophosphate shunt, 54, 210 
HFE, 146, 161 
High endothelial venules, 482 
High-molecular-weight kininogen 
deficiency of, 607t, 624 
description of, 557, 565 
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Hirudin, 679, 782 
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Histiocytosis, 537-538, 538t 
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clinical findings of, 481 
diagnosis of, 481 
etiology of, 478-479 
lymphocyte-depleted, 480 
lymphocyte-rich, 480 
mixed cellularity, 480, 481£ 
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pathology of, 479f480f, 479-481 
staging of, 481 
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treatment of, 481 
WHO classification of, 479, 479% 
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Human granulocytic anaplasmosis, 105 
Human immunodeficiency virus (HIV) infection 
anemia associated with, 321 
thrombocytopenia with, $82 
Vitamin B,, deficiency with, 175 
Human platelet antigens (HPAs), 579-580 
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Hypercoagulable states, 648, 673, 674t. See also 


Thrombosis 
Hyperdiploidy 
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Hyperparathyroidism, 317 
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Hypogammaglobulinemia, 457, 501, 502f 
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Hypothyroidism, 317, 318t 
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Interleukin-11, 361, 586 
Interleukin-12, 361 
Interleukin-13, 361 
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in SARS-CoV-2 infection, 320 
serum, 148, 148t, 260t 
in thalassemia, 260t 
storage pools of, 147 
supplemental, 152 
transport of, 145-146, 146t 
turnover of, 144f 
Iron-binding capacity, 148, 148t 
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case study of, 632 
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laboratory evaluation of, 345-346 
malignancy vs., 344, 344b, 34Sf-346f 
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relative, 340 
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flow cytometry in, 815 
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non-Hodgkin, See Non-Hodgkin lymphoma 
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cytokine production by, 34t 
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folate, 177 
iron-deficiency anemia and, 150, 150t 
Malaria 
case study of, 307 
Clinical presentation of, 299 
development of, 299, 300f, 3011 
diagnosis of, 299 
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Mast cells, 20, 24f, 65f, 695 
Matrix, of quality control material, 116 
May-Hegglin anomaly, 331, 338, 338f, 576, 577t 
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in essential thrombocytopenia, 416, 416f 
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hypoplasia of, 575 
monolobular (dwarf), 439f 
osteoclast vs,, 31, 31f, 32t 
Megakaryocytopoiesis, 8f, 24, 26-27, 281, 29f-30F, 62 
Megaloblastic anemia, 88, 168-181 
bone marrow examination in, 169, 170f, 171t 
case study of, 184-185 
clinical manifestations of, 169 
drug-induced, 182, 182t 
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hematologic features of, 169f, 169-171 
ineffective hematopoiesis in, 169 
laboratory features of, 171t 
laboratory findings in, 178-180, 180f 
peripheral blood smear in, 169-171, 170f, 171t 
thrombocytopenia in, 575 
vitamin-independent, 182, 182t 
Megaloblasts, 168 
Melanoma, vs. non-Hodgkin lymphoma, 493t 
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Melt-curve analysis, 822 
Membrane, erythrocyte, 193-196, 195f 
Meninges, 690 
Meningitis 
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neutrophils in, 706-707 
Menstruation, iron loss with, 145 
Mesothelial cell, 690 
epithelioid, 697, 697f 
hypertrophied, 697, 697f 
normal, 694f 
phagocytic, 697, 697f 
pleural fluid, 702f, 702703 
in pulmonary embolism, 703 
quiescent, 697 
reactive, 697, 697f, 702, 702f 
senescent, 697, 698f 
Metamyelocyte 
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bone marrow, 76t 
eosinophilic, 19, 19f, 21t 
neutrophilic, 17t, 18, 18f, 29f 
Metarubricyte, 12f, 13t, 14f, 14-15, 76t 
Methemalbumin, 56 
Metheme groups, 56 
Methemoglobin, 53, 56 
Methemoglobin reductase deficiency, 218 
Methemoglobin reductase pathway, 54, 210f 
Methemoglobinemia, 218, 218t, 239-240 
Methionine, synthesis of, 173, 173f, 178 
Method validation, in quality assurance, 118-122, 119b, 
124-125 
Methotrexate, megaloblastic anemia with, 182 
Methylcobalamin, 173 
Methylmalonic acid 
serum, 180 
urinary, 180 
Mexican hat cell, See Target cell 
Microangiopathic hemolytic anemia, 134, 303, 583f, 
583-585 
Microeyte, 861, 871, 89, 89f, 1011 
8,-Microglobulin, in multiple myeloma, 508 
Microhematoerit, 727 
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Micromegakaryocyte 
in chronic myelogenous leukemia, 396, 397f 
illustration of, 439f 
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Mixing studies, 607, 778~780 
Molecular techniques, 819-830 
DNA sequencing for, 826-827 
fluorescence in situ hybridization for, 825-826, 8267 
in situ hybridization for, 825, 825f 
nucleic acid extraction for, 821 
nuclei¢ acid probe for, 820, 820f 
oncogenes in, 820 
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polymerase chain reaction for, 821-824, 822f-823¢ 
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reverse transcriptase polymerase chain reaction for, 
824, 824f 
RNA extraction for, 821 
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Monoblast, 20, 22, 25t 
Monoclonal antibodies 
clinical applications of, 37 
tests for, in acute leukemia, 361-363, 362t 
Monoclonal B-cell lymphocytosis (MBL), 455 
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504, 505f, 520 
Monocyte(s) 
bone marrow, 76t 
cerebrospinal fluid, 707~708 
cytokine production by, 341 
description of, 3f, 5-6, 6f 
development of, 20, 22, 25t 
disorders of, 339-340, 340b 
granules of, 339-340, 340b 
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Monocytosis, 340, 340b 
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Monopoiesis, 20, 22, 25t 
Monosodium urate crystals, in synovial fluid, 713 
Monospot test, 346, 146f 
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Morulse, 104, 104f 
Moving averages, in quality control, 116 
MTHFR gene, 665 
Mucopolysaccharidoses 
clinical features of, 534-536, 535t-S36t 
laboratory diagnosis of, $37 
prognosis for, 537 
treatment of, 537 
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body fluid analysis, 758 
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flagging strategy for, 757 
hemoglobin measurements, 755, 755f 
leukocyte analysis, 756, 7561 
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nucleated red blood cell detection using, 757, 758f 
parameters, 758-759 
platelet analysis, 756, 756f 
red blood cell analysis using, 754-756, 756£ 
reticulocyte analysis, 757 
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Multiple myeloma 
bone disease in, 507, S07f 
bone marrow examination in, 509, 509f 
bone marrow stroma in, S05 
case study of, 519-520 
chemistry studies in, 508-509 
clinical findings of, 508, 508 
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in, 7 
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description of, 16, 16f, 17t, 211, 231, 956-357, 357F 
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bone marrow, 76t 
eosinophilic, 19, 19f, 211 
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case study of, 450 
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case study of, 425 
clinical findings of, 419-420, 420f 
cytogenetics of, 422 
definition of, 4141, 418-419 
differential diagnosis of, 422 
essential thrombocytopenia vs., 416 
etiology of, 419 
incidence of, 419 
laboratory evaluation of, 407t, 420f-422f, 
42)-423 
leukocytosis in, 420 
pathogenesis of, 419 
peripheral blood smear in, 420-421, 421f 
platelet dysfunction in, 422, 594 
treatment of, 423 
WHO criteria for, 418t 
Myeloid leukemia associated with Down syndrome 
(ML-DS), 375 
Myeloid sarcoma, 374 
Myeloma, See Multiple myeloma 
Mycloperidoxase deficiency, 336 
Myeloperoxidase, cytoplasmic, 363 
Myeloperoxidase stain 
in acute leukemia, 359, 360t, 360f 
in neutrophil disorders, 336 
Myelophthisic anemia 
clinical findings of, 319 
description of, 140, 318, 407 
euiology of, 318-319 
Jaboratory evaluation of, 319, 320t 
Jeukoerythroblastosis, 318, 319f 
mechanisms of, 319f 
pathophysiology of, 318-319 
peripheral blood smear in, 319f 
red blood cell morphology in, 320t 
treatment of, 320 
Myeclophthisic picture, 575 
Myelopoiesis 
band neutrophil in, 171, 18f, 18-19 
ineffective, in megaloblastic anemia, 169 
myeloblast in, 16, 16f, 17 
neutrophilic metamyelocyte in, 171, 18, 18f 
neutrophilic myeloeyte in, 16, 171, 18, 18f 
promyelocyte in, 16f, 17t 
segmented neutrophil in, 16f, 171, 18f, 19 
transient aboormal, 374-375 
Myeloproliferative neoplasms, 392-403. See also 
Chronic myelogenous leukemia (CML), 
Myclofibrosis, primary, Polycythemia vera; 
Thrombocythemia, essential 
classification of, 407, 4071 
definition of, 406 
historical perspective on, 406 
MYHI1, 367 
Myocardial infaretion, 679 
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NADH, 54 

NADH methemoglobin reductase pathway, 34 

Nails, spooning of, 151, 151 

Napbthol-AS-D chloroacetate esterase stain, 360/, 3601, 
360-36) 

c-Naphihy! acetate stain, 360%, 361, 3617 

G-Naphthy! butyrate stain, 2601, 361, 301f 

Natural killer cell lymphoma, 489 


Neisseria spp., in body fluid, 698f 
Neonatal alloimmane neutropenia, 333 
Neonate. See also Infant 
hemolytic disease of, 289, 289-2901 
isoimmune thrombocytopenia in, 580 
purpura fulminans in, 662 
sickle cell screening in, 231f, 231-232 
Nephropathy, in sickle cell anemia, 730 
Nephrotic syndrome, thrombosis in, 673 
Neurologic disorders, in essential thrombocytopenia, 
415 
Neutropenia 
acquired, 332t, 333, 334¢ 
classification of, 332t 
congenital, 333, 334t 
drug-related, 332, 332t 
immune-mediated, 333, 334t 
infection and, 333 
neonatal alloimmune, 333 
in qualitative disorders, 332-335, 934 
Neutrophil(s), 327-338 
antibodies to, 333 
autoantibodies to, 457 
band 
description of, 3t, 4, 4f, 171, 18f, 1819 
segmented neutrophil vs., 4 
body fluid, 692f, 693, 694f, 702, W02f, 706-707 
bone marrow, 76t 
cytocentrifugation effects on, 692, 693 
development of. See Myelopoiesis 
diapedesis of, 329, 329f 
disorders of, 330-338 
in Chédiak-Higashi syndrome, 335, 335f 
chronic granulomatous disease, 335-336, 
336t 
functional, 333-335, 334t 
leukocyte adhesion deficiency, 336-337 
morphologic, 3371, 337-338, 338f 
mycloperidoxase deficiency, 336 
quantitative, 3301, 330-333, 331f, 3328 
functions of, 328-330 
granules of, 3, 328, 328t, 329f, 329-330 
in Alder's anomaly, 338, 338f 
in Chédiak-Higashi syndrome, 335, 335f 
toxic, 103 
hypersegmented 
description of, 104, 337, 337t 
in megaloblastic anemia, 171, 171f 
hyposegmented, 104, 337, 337 
kinetics of, 331 
fife-span of, 328 
marginating storage pool of, 10 
mature, 328 
in meningitis, 706-707 
migration of, 329, 32%, 329f 
morulae in, 104f 
myeloperoxidase stain of, 336 
nitroblue tetrazolium dye test of, 336 
formal, 103, 103f 
in paroxysma! nocturnal hemoglobinaria, 276 
peritones! Muid, 704 
phagocytosis by, 328-329, 329f 
prolifersting pool af, 62 
segmented 
band neutrophil vs., 4 
bone marrow, 76t 
description of, 16f, 17, 18f 19 
00 normal blood smear, 3, 3t, 37 
storage poal af, 62 
synovial fluid, 7101, 711 
tissue, 19, 19f 
vacuolated, 33), 33)f 
Neutrophilia, 3308, 330-134, S31f 
Neutrophitie metamyclocyte, 171, 18, 1BE 
Neutrophilie myelocyte, 16, 17, 18, 18 
Newborn, hemolytic disease of, 289, 259-24, See ato 
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i Next-generation sequencing (NGS), 232. 366, 511, 826 
Nicotinamide adenine dinucleotide phosphate (NADP), 
210 
Niemann-Pick cells, 531f, 531-532 
Niemann-Pick disease, 531b, 531-533 
laboratory diagnosis of, 531f, 532-533 
treatment of, 533 
type A, 531-532, 532 
type B, 532, 532t 
type C, 532, 532t 
Nitroblue tetrazolium dye test, 336 
Non-Hodgkin lymphoma, 482-494 
B-cell, 483-489, 493, See also specific B-cell 
lymphomas 
Burkitt, 482, 4821, 482f, 489, 490f, 709F 
case study of, 495 
(| diffuse large, 488f, 489 
follicular, 4591, 484-486, 485f, 485t-486t 
lymphoplasmacytic, 485t-486t, 489 
mantle cell, 459, 469f, 469-470, 485t-486t, 486, 
487f 
marginal zone, 459t, 48S5t-486t, 486-487, 487f 
T-cell lymphoma vs., 493 
carcinoma vs., 493, 4931 
case study of, 495 
classification of, 482, 483t 
CSF examination in, 709f-710f 
cytogenetics of, 482, 482t, 4827 
diagnosis of, 492 
differential diagnosis of, 493t, 493f, 493-494 
chology of, 482 
Hodgkin lymphoma vs., 481t, 493-494 
interfollicular, 488, 488f 
pathogenesis of, 482, 4821, 482f 
pathology of. 482f, 482-483 
Teil, 489-493 
anaplastic, 490, 491f, 493f 
B-cell lymphoma vs., 493 
cutancous, 491, 491f 
mature, 489 
peripheral, 489-490, 490f 


stain, 360t, 361, 361f 

jal anti-inflammatory drugs, platelet 
dysfunction with, 595 

41, 11f, 13t, 14f 76t 


I1f-12f, 131, 14f, 14-15, 76t 
11f-12f, 12, 13t, 14f, 76t 
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Oxalate crystals, in synovial fluid, 713 
Oxygen, hemoglobin affinity for, 52-53 
Oxyhemoglobin, 52, 52f, 56 


P 
P,, 53 
p53, 464 
Pamidronate, in multiple myeloma, 516 
Pancreatic disease, vitamin B,, deficiency with, 175 
Pancytopenia, 133, 319 
Panhypopituitarism, 317 
Pappenheimer body, 87f, 99-100, 100f, 136 
Paracentesis, 700t, 703 
Parachromatin, 22 
Paranuclear blue body inclusions, 699 
Paroxysmal cold hemoglobinuria, 87, 294, 294t 
Paroxysmal nocturnal hemoglobinuria 
bone marrow examination in, 276, 276f 
case study of, 280 
clinical findings of, 275-276 
cytopenias and, 576 
flow cytometry in, 815 
GPI anchoring defect in, 275 
laboratory evaluation of, 276-277, 276f-277f 
large granular lymphocytes in, 276 
peripheral blood smear in, 276, 276f 
thrombosis in, 673 
Parvovirus B19 infection, aplastic crisis with, 273, 273f 
PAS. See Periodic acid-Schiff stain 
Path of workflow, 114 
Patient identification, for blood collection, 722 
Pautrier microabscess, 471, 472f 
Peer group quality control, 124 
Pelger-Huét anomaly, 337t, 337-338, 338f 
Penicillins, 580 
Pericardial cavity, 690 
Pericardial fluid, 690, 695-700. See also Effusion 
collection of, 700t, 700-701 
qualitative analysis of, 701 
quantitative analysis of, 701, 702f 
Pericardial sac, 690 
Pericardiocentesis, 700t, 701 
Pericardium, 690 
Periodic acid—Schiff stain, in acute leukemia, 360t, 361, 
361f 
Peripheral blood smear, 2, 3f, 84, 724-727 
in abetaliproteinemia, 305, 305f 
in acanthocytosis, 305, 305f 
in acute leukemia, 359 
in acute lymphoblastic leukemia, 345f, 467f 
in acute lymphocytic leukemia, 345f 
in acute promyelocytic leukemia, 368f 
in adult T-cell leukemia/lymphoma, 468f 
in Alder’s anomaly, 338, 338f 
in anemia, 136-137, 137f 
in anemia of chronic disease, 156, 156t, 157f, 159t 
in anemia of chronic kidney disease, 314f 
in anemia of liver disease, 315f 
in aplastic anemia, 270, 270t 
in autoimmune hemolytic anemia, 286, 286f 
in babesiosis, 300, 301f 
basophils on, 3f, 4, 5f, 339 
in burn injury, 304, 305f 
in Chédiak-Higashi syndrome, 335, 335f 
in chronic lymphocytic leukemia, 456, 456f, 4671 
in chronic myelogenous leukemia, 396, 396f-397f, 
397 
in cold autoagglutinin syndrome, 293, 293 
in cold hemagglutinin syndrome, 87f 
differential white blood cell count on, 726 
in disseminated intravascular coagulation, 645-646, 
646f 
eosinophils on, 3f, 4, 4f, 338 
in essential thrombocytopenia, 415f, 415416 
in G6PD deficiency, 211, 211f 
in hairy-cell teukenfia, 467 
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in hemoglobin C disease, 235 

in hemoglobin H disease, 253, 254, 257 

in hemoglobin SC disease, 236, 236f 

in hereditary elliptocytosis, 94, 94f 2006, 292 2026 

in ae Persistence of hemoglobin F, 255, 2556, 

in hereditary pyropoikiloeytosis, 201, 202, 202¢ 

in hereditary spherocytosis, 92-93, 936, 1975 198-199 

in hereditary stomatocytosis, 203, 203¢ 

in hereditary xerocytosis, 203, 203f 

high-power scan of, 85 

in infectious mononucleosis, 468f 

in iron-deficiency anemia, 151f, 152, 152t, 153 

in lead poisoning, 304, 304f 

in liver disease, 305, 305f 

low-power scan of, 85 

lymphocytes on, 5f, 5~7, 7f 

in lymphocytosis, 341, 341f 

in malaria, 102, 102f, 299, 300f-301f 

in megaloblastic anemia, 169-171, 170f, 171t, IF 

in microangiopathic hemolytic anemia, 583f 

monocytes on, 3f, 5-6, 6f-7f, 339 

in mucopolysaccharidoses, 534, 534f, 537 

in multiple myeloma, 508, 508f 

in myelodysplastic syndromes, 438f 

in myelophthisic anemia, 319f 

in neutrophilia, 331, 331f 

neutrophils on, 3-4, 3f-4f, 6f, 103, 103f 

in Niemann-Pick disease, 533 

normal, 2, 3f 

oil immersion examination of, 85, 85f 

in paroxysmal nocturnal hemoglobinuria, 276, 276f 

in Pelger-Huét anomaly, 337, 338f 

in pernicious anemia, 169-171, 170f-171f, 171t 

in plasma cell dyscrasia, 468f 

in plasma cell leukemia, 516, 516f 

platelets on, 3, 3f, 102-103, 103f 

in polycythemia vera, 411f 

preparation of 
automated, 725, 7: 
slide, 724-721 

in primary myelo! sis, 420-421, 421f 

in prolymphocytic leuke: 345f, 467f 

in prosthetic heart valve ed hemolytic anemia, 

303, 303 

in pyruvate kinase deficiency, 215 

in reactive (atypical) } 

red blood cells 

in renal failure, 

in Sézary syndrome, 4€7/ 

in sickle cell anemia 

in sickle cell trait, 230f, 23 
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in sideroblastic anemia, 90, 158f, 158-159, 159t 

slide preparation for, 724-726, 725f 

in small cleaved-cell lymphoma, 467f 

in small lymphocytic lymphoma, 467f 

in Southeast Asian ovalocytosis, 201, 201f 

in T-gamma lymphocytosis with large granular 

lymphocytes, 468f 

in Tay-Sachs disease, 533, 533! 

in c-thalassemia, 257-258 

in B-thalassemia, 249, 251f, 257-258 

in B-thalassemia minor, 251, 251f 

in thrombotic thrombocytopenia purpura, 302f, 303 

in unstable hemoglobins, 239, 239f 

Wright’s stain for, 257, 724-726, 725f 
Peripheral membrane proteins, 44, 451 
Peripheral T-cell lymphoma, unspecified, 48 
Peritoneal cavity, 690 
Peritoneal dialysis, in uremia, 593 
Peritoneal fluid, 690, 695-700, 703-704. See also 
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collection of, 7001, 703 

color of, 703 

qualitative analysis of, 703 

quantitative analysis of, 704 

White blood cell count in, 704 
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peritoneum ia, 173. See alvo Megaloblastic anemia; 
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des vitamin B,,, deficiency of 
netic factors in, 173 
mmunological factors in, 174 
naboratory diagnosis Of, 178-180, 1807 
2 jcal manifestations of, 174~175 
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ine, 577, S78 
100 analyzer 
pons time for, 771-772, 772t 
of, 567, 567t, 574, S74 
osis, 328, 329f, 329-330 
Philadelphia chromosome, 394-395, 394f-395f 
Phicbotomy 
in hereditary hemochromatosis, 160 
in polycythemia vera, 413 
phosphatidylcholine, 48 
phosphatidylethanolamine, 48 
phosphatidylserine, 48, 55, 562 
Phosphofructokinase deficiency, 2171 
Phosphogluconate pathway, 34 
Phosphoglycerate kinase deficiency, 217t 
Phospholipids, 48 
Photo-optical endpoint detection, 776 
Photo-optical instruments, 775-776 
phax, 335, 336t 
Pia mater, 690 
PIG-A, 275 
Pituitary dysfunction, 317-318 
Plasma 
composition of, 2, 3f 
description of, 2b, 3f 
Plasma cell 
body fluid, 702, 702f 
description of, 22, 24, 24f, 26f, 76t 
development of, 499-500, S00f 
Plasma cell dyscrasias, 459t, 467f, 472-473. See 
: also Multiple mycloma;, Waldenstrim's 
macroglobulinemia 
Plasma cell leukemia, 516f, 516-517 
. Plasma exchange, in thrombotic thrombocytopenic 
purpura, 584 
Plasma membrane, 44f 
Plasma membrane calcium pump, 47 
Plasma proteins, 56, 56t 
Plasmablast, 22, 24f, 27t 
Plasmacyte. See Plasma cell 
Plasmacytoma, 505. See also Multiple myeloma 


of, 6401, 641, 643f 
of, 641 
638-639, 6401, 643f 


Alinity hq analysis of, 756, 756f 
autoantibodies to, 457 
futomated analysis of 
Beckman Coulter LH Series for, 742, 742f 
PFA-100 analyzer for, 567, 567, 574, 5741 
Siemens ADVIA 120/2120 Hematology System for, 
747, 747f 
Sysmex XN and XN-L Series for, 751, 751f 
count of. See Platelet count 
dense tubular system of, 549 
disorders of, 573-596 
after cardiopulmonary bypass, 595 
in cardiopulmonary bypass, 595 
case studies of, 601-603 
congenital, 576, 577t, 587-592, See also specific 
disorders 
drug-related, 581~S82, 595t, 595-596 
laboratory evaluation of, 5741, 574-575 
in liver disease, 593 
in myeloproliferative disorders, 594 
in paraproteinemias, 593-594 
qualitative, 587-596, See also specific disorders 
quantitative, 575-586, See also Thrombocytopenia; 
Thrombocytosis 
secretory, 589-590 
in systemic disease, 592t 
in uremia, 592-593 
distribution of, 11, 577 
in endothelial cell maintenance, 549, 550f 
function of. See also Coagulation; Platelet plug 
description of, 549t, 549-556, 771-775 
in essential thrombocytopenia, 416 
granules of 
deficiency of, 589-590 
description of, 548, 549t, 656 
impaired production of, 576t-577t 
mean volume of, 742 
membrane of 
description of, 548, 548t 
disorders of, 587t, 587-589, 588f 
morphology of, 3, 3f, 102-103, 103f 
multi-angle polarized scatter separation analysis of, 
756, 756f 
neutralization procedure, 794 
normal, 3f, 103f 
open canicular system of, 547-348 
organelle zone of, 548t, 548-549 
peripheral zone of, 547f, 547-548, 548t 
in primary hemostasis, 771 
reference values for, 2 
secretory function of, 550t, 553-354, 534f, 656 
disorders of, 589-590 
shape change in, 550t, 551, 5SIf 
sol-gel zone of, 547f, 548, 548t 
structure of, 546f-547f, 546-549, 548t 
Platelet count 
automated 
Beckman Coulter LH Series for, 742, 742f 
Siemens ADVIA 120/2120 Hematology System for, 
747, 7476 
Sysmex XN and XN-L Series for, 751, 751f 
normal, 546 
Platelet-derived growth factor, 419, $49 
Platelet distribution width, 742 
Platelet factors, 548, 548t 
Platelet phospholipid neutralization procedure, 628, 
6281, 6681 
Platelet plug 
activation and, 555 
aspirin effects on, 555-556 
description of, 549-56, 5501, SS0f-SS1f, 552-3531, 
553f 
stabilization of, 554, S5Sf 
Plateletpheresis, in essential thrombocytopenia, 
ALT-ALB 
Pleoeytosis, 705 
Pleura, 690 
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Pleural cavity, 690 
Pleural fluid, 690, 695-700, 7001. See also Effusion 
case study of, 715 
collection of, 700t, 700-701 
qualitative analysis of, 701 
quantitative analysis of, 701, 702f 
Pluripotential stem cells, 63 
PML-RARA, 367-368 | 
POEMS syndrome, 517 
Poikilocytosis, 86, 91, 91f. See also specific cell types | 
definition of, 86, 136 | 
hereditary, 201-202, 202f 
Polarizer, 712 
Polychromasia, 87f, 91, 91f 
Polychromatophilic erythrocyte, 11f, 13t, 15,91, 91f, 91t 
Polychromatophilic normoblast, 11f-12f, 12, 13t, 14f, 76t 
Polycythemia, secondary, 409t, 413 
Polycythemia vera, 407t, 408-414 
bone marrow examination in, 412, 412f 
case study of, 426 
chromosome abnormalities in, 413 
clinical findings of, 409t, 411 
definition of, 408 
differential diagnosis of, 413 
essential thrombocytopenia vs., 416-417 
historical perspective on, 408 
incidence of, 410 
laboratory evaluation of, 407t, 409t, 41 1413, 
411f-413f 
leukocyte alkaline phosphatase in, 412, 413f 
pathogenesis of, 410 
peripheral blood smear in, 411f, 412, 413f 
platelet dysfunction in, 594 
splenomegaly in, 411 
treatment of, 413-414 
WHO criteria for, 410t 
Polymerase chain reaction, 789, 821-824, 822f-823f 
in acute leukemia, 364 
in chronic lymphocytic leukemia, 460 
digital, 822 
multiplex, 822 
real-time, 822 
Popcom cell, 479, 480f 
Porphobilinogen deaminase deficiency, 160 
Porphobilinogen oxidase deficiency, 160t 
Porphyria, 49, 159-160, 159t-160t 
Porphyrins, 49 
Positron emission tomography, in multiple myeloma, 
$12, 513f 
Postexamination factors, 116 
Precision measurement, in quality assurance, 117£-118f, 
118 

Preeclampsia, 585-586 

Preexamination factors, 116 

Pregnancy 
HELLP syndrome in, $85—S86 
iron requirement in, 145 
preeclampsia-eclampsia in, 585-586 
thrombocytopenia in, 585 
thrombosis and, 673 | 

Preimplantation genetic testing (PGT), 232 

Prekallikrein 
deficiency of, 6071-6081, 624 
description of, 565 

Premature infant. See Infant 

Prematurity, anemia of, 321-322, 322b 

Prenatal diagnosis, in thalassemia, 261 

Primary hemostasis, 77! 

Primary myelofibrosis, 407t, 418-423 
bone marrow examination in, 421422, 422f 
case study of, 425 
clinical findings of, 419-420, 420f 
Cytogenetics of, 422 
definition of, 418t, 418-419 
differential diagnosis of, 422 
essential thrombocytopenia vs., 416 
etiology of, 419 
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Precision measurement in, 117f-118f, 118 
quality contro! definitions in, 115~116 
Fecovery experiment in, 120 
paee ares Gams ine cteninesie, 
replication experiment in, 119 
reportable range (linearity) experiment in, 119 
Westgard mules in, 122-123 
Quality control. See also Quality assurance; Quality 
management 
aulomated completed blood count instruments, 
789-765 


cytoskeleton of, 45 
deformability of, 46-47, 47f 
development of. See Erythropoiesis 
diffusely basophilic, 14 
distribution of 

abnormal, 86-83 

description of, 10, 86 

normal, 86 
extravascular hemolysis of, 55, 56f 
folate levels in, 178 
fragmented, 96-97, 97f 
GOPD activity in, 210f, 211 
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incidence of, 419 Prothrombinase-induced clotting time (PiCT), 783 definition of, 115 
laboratory evaluation of, 4071, 420f-422f, 421-423 Protoporphyrin historical perspective on, 111 
leukocytosis in, 420 erythrocyte, free, 149, 2601 peer group, 124 
pathogenesis of, 419 synthesis of, 49 Quality control material, 116 
peripheral blood smear in, 420-421, 421f zinc, 149 Quality management, 111-115. See also Quality 
platelet dysfunction in, 422, $94 Pseudo Pelger-Hutt anomaly, 338, 396, 397f, 438, 438f assurance 
treatment of, 423 Pseudochylous effusion, 695, 696t approaches to, 112 | 
WHO criteria for, 418t Pseudo-Gaucher cell, 397f assessments for, 113f, 114 | 
Proaccelerin, 611 Pseudogout, 713 benchmarking for, 112 | 
Proerythroblast, See Pronormoblast Pseudohypochromia, 90 customer service for, 113f 
Progenitor cells, 63 Pseudopods, 6 Define, Measure, Analyze, Improve, and Control 
Proinflammatory cytokines, 1$5 Pseudothrombocytopenia, 574 112, 12 > 
Prolymphocytes, 22, 24f, 251, 488 Pseudoxanthoma elasticum, 600 definition of, 111, 111f 
Prolymphocytic leukemia (PLL) Pteroylglutamic acid. See Folic acid/folate divisions of, 113f 
B-cell, 45%, 465, 467f Pulmonary embolism (PE) documents and records for, 113f 
T-cell, 460f, 473 description of, 678 equipment for, 113f, 113-114 
Promegakaryocyte, 26, 28t, 29f incidence of, 788 facilities and safety for, 113, 113f 
Promonocyte, 20, 22, 24f, 25 mesothelial cells in, 703 Failure Mode and Effects Analysis for, 112 
Promyelocyte, 16f, 171, 21%, 231, 76t Pure erythroid leukemia, 372-373, 373f financial impact of, 111 
Pronormobiast, 11, 11f-12f, 13t, 14f, 76t Pure red cell aplasia, 273, 273t, 273f historical perspective on, 111 
Proplasmacyte, 22, 24, 24f, 27t Purpura, 596-599, 597t. See also Thrombocytopenic information management for, 1]3f 
Prorubricyte, 11, 131, 14f, 76t purpura Lean method for, 112 
Prostacyclin, 5461, 555, 656 allergic, $97, 597f legal implications of, 111 
Prostate cancer, bone marrow examination in, amyloid, 598-599, 599f occurrence management for, ]13f 
TE cryoglobulinemic, in Waldenstrm's organization for, 113, 113f 
Protein(s) macroglobulinemia, 517, 517f personnel for, 113, 113f 
cerebrospinal fluid, 705 drug-induced/related, 581 plans for, 111-112, 124 
red blood cell membrane, 44-45, 45-46 in dysproteinemia, 598, 599f process control for, 113f 
synovial fluid, 7101 infectious, 596-597t process improvement for, 113f 
Protein 4.1R metabolic, 597-598, 598f purchasing and inventory for, 1] 3f 
deficiency of, in hereditary elliptocytosis, 200, posttransfusion, 579f, 579-580 root cause analysis for, 112 
2011 primary, 596, 597t Six Sigma for, 112 
description of, 195f, 195-196 secondary, 596-599, 597t Quality management system (QMS), 112 
Protein 4.2 Purpura fulminans Quality testing, 11if 
deficiency of. in hereditary spherocytosis, 197 in disseminated intravascular coagulation, 645 Quinine, 580 
description of, 1941 neonatal, 662 ' 
Protein C Pyelonephritis, in sickle cell anemia, 229 | 
activated, 641, 657f, 658 Pyropoikilocytosis, hereditary R | 
anticoagulant activity of, 64, 566f, 640 pathophysiology of, 201-202 RA cells, 712 | 
assay of, 660-662, 661f peripheral blood smear in, 201f-202f, 202 Radiation exposure, aplastic anemia with, 269 ' 
resistance to, 611-612, 612£, 660-662 Pyruvate kinase (PK) Radiation therapy, for chronic lymphocytic leukemia, 465 | 
tests for, 788-789 deficiency of, 213-216 Radiography | 
assays for, 789, 791 clinical findings of, 215 in Gaucher's disease, #24, S28f 
chromogenic assay for, 791-792 diagnosis of, 215-216 in multiple myeloma, 5/ if, 5 | 
clot-based assay for, 791-792 mode of inheritance of, 214 Raynaud's phenomenon, in o 
deficiency of, 662, 6621, 675t pathogenesis of, 214-215 syndrome, 292 
purpura in, 598 description of, 208 Real-time polymerase ¢ 
immunological assay for, 791 detection of, 735 Recovery experiment, 121 
Protein C inhibitor-1 (plasminogen activator inhibitor-3), Red blood cell(s) 
6571, 658 abnormalities of, 861, 86-162, 877, 101t 
Protein C inhibitor-2, 658 Q adenosine triphosphate energy for, 3-54 
an S, 657f, 658 Quality assurance, 115—124. See also Quality agglutination of, 87, 87f 
assays for, 676, 791-793 management aging of, 54-56 
accuracy measurement in, 117f, 117-118 Alinity hq analysis of, 756, 756f 
applications of, 124~125 automated analysis of 
automated completed blood count instruments, Beckman Coulter LH Series for, 7411, 741-742, 
759-765 742f 
case studies of, 126 Siemens ADVIA 120/2120 Hematology System for, 
comparison of methods experiment in, 119-120, 1 746-747, 747£-748f 
20f Sysmex XN and XN-L Series for, 750-751, 751f 
definition of, 115 basophilic stippling of, 136 
interference experiment in, 119 case study of, 57 
Levy-Jennings graphs in, 122, 122f central pallor of, 85, 86f, 90, 90f 
method validation in, 118-122, 119b, 124-125 color variation in, 901, 90-91, 90F-91f 
Peer group programs in, 124 count of. See Red blood cell count 
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ie, 90-91 
ie, 90, 901, POF, 139 

inclusions in, 28 102, 9 101f 

inioes of. See Mean corpuscular hemoglobin 
concentration (MCHC); Mean corpuscular 
hemoglobin (MCH), Mean corpuscular volume 
(MCV) 

jntravasculat hemolysis of, 55-56, S6f 

jife «pan of, 144 


mature, 15 
membrane of. See Red blood cell membrane 


metabolic pathways of, 53-54, 541, S5f, 208, 210f 
morphology of 
atmormal, 49t, 86, 861, 87f, 88-89. See also specific 
abnormal cells 
in liver disease, 3151 
in myclophthisic anemia, 3201 
normal, 2, 3f, 85-86, 861, 86f-87F 
multi-angle polarized scatter separation analysis of, 
754-756, 7560 
normal, 2, 3f, 85-86, R61, 86f-87f 
normochromic, 90 
nucleated, 11f-12f, 131, 14f, 76t 
percentage of, 2, 3t 
plasma proteins, 56, 56t 
polychromatophilic, 11f, 13t, 15,91, 91f, 914. See alsa 
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feference values for, 2 
fouleaux of, 87-88, 87/881, 508 
scanning electron microscopy of, 47f 
senescence of, 54-56 
pe of 
‘pormal, 54, 55f 
Variations in, 861, 871, 91-98. See alse specific cell 
nypes 
Variations in, 861, BRL, 88-89, 9OF 


‘Beckman Coulter LH Series for, 7411, 741-742, 
m2 

#§ ADVIA 120/2120 Hematology System for, 
746, 1474-1488 

Sysmex XN and XN-L Series for, 750-751, 751f 


7101, 711 
tribution width (RDW) 

of, 7411, 742, 746, 751, 7511 
135, 257, 2601 

ne, 193-196, 195f 

Fs of, 304-305, 3051 


Permeability of, 47 
Phospholipids of, 48 
Proteins of, 44-45, 45146) 
Spectrin’s function in, 45 
structure of, 43-44, 44f 
Vertical interactions of, 196, 196f 
Red compensator, 712 
Reed-Sternberg Cell, 478-479, 479f-4g0¢ 
CD30 expression by, 493f 
Variant, 479-480, 480f-4g1f 
Reference range (normal range) experiment, 119 
Reflex testing, 84 
Refractory eytopenia of childhood (RCC), 446 
Regression Statistics, 120 
Regulatory T lymphocytes, 268 
Reiter's cells, in synovial fluid, 712 
Relative erythrocytosis, 408 
Relative lymphocytosiy, 340 
Renal disease 
acanthooytosis in, 305, 305f 
continuous ambulatory peritoneal dialysis in, 703-704 
platelet dysfunction in, 592 
in sickle cell anemia, 230 
Replication experiment, 119 
Reportable range (linearity) experiment random, 119 
Reptilase, 609 
Reptilase time 
description of, 783-784 
in disseminated intravascular coagulation, 648t 
thrombin time versus, 7841 
Respiratory movement, 52 
Restriction fragment length polymorphism (RFLP), 789 
Reticulocyte 
Alinity hq analysis of, 757 
corpuscular hemoglobin, 149 
description of, 11f, 13t, 15 
hemoglobin synthesis in, 49f 
multi-angle polarized scatter separation analysis of, 
157 
Reticulocyte count 
in anemia, 135-136, 728-729, 729f 
in aplastic anemia, 270 
automated 
Beckman Coulter LH Series for, 743f 
Siemens ADVIA 120/2120 Hematology System for, 
TATE, 748 
Sysmex XN and XN-L Series for, 751f, 752 
description of, 149 
in hemolytic anemia, 19) 
manual determination of, 728-729, 729f 
Miller dise for, 729 
normal, 728-729 
Reticulocyte hemoglobin content, 748 
Reticulocyte hemoglobin equivalent, 752 
Reticulocyte production index (RPI), 170, 192 
Reticulocytosis, 136, 137f 
Reticuloendothelial iron block, 155 
Reticuloendothelial system (RES), 54, 147 
Retroperitoneum, 690 
Reverse transcriptase polymerase chain reaction, 824, 
824f 
Rh deficiency syndrome (Rh null disease), 94 
Rh incompatibility, 289, 2901 
Ribonucleic avid (RNA), 819 
Richter’s syndrome, in chronic lymphocytic leukemia, 
464 
Ringed sideroblasts 
deseription of, 51, 51f, 137, 197f, 158f, 158-159, 437 
myelodysplastic syndromes with, 436f, 4411, 442 
RIPA (ristocetin-induced platelet aggregation) assay, 
614, O15f 
Ristocetin cofactor, 786 
Ristocetin cofactor wotivity assay, 614 
Ristocetin-induced platelet aggregation (RIPA) test, 614, 
61st 
Rituximab, $79 
RMBS-MLK], 369 


t, 194, 1944, 195¢ 
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RNA, 819 
RNAseq variation, 827 
RNases, 821 
Root cause analysis, for quality management, 112 
Rotational thromboelastometry (ROTEM), 777 
Rouleaux 
in hyperproteinemia, 87 
in multiple myeloma, 508 
Rubricyte, 12, 12f, 13t, 14£, 76t 
Run, in quality control, 116 
RUNXI-RUNXITI, 367 
Russell's viper venom time assay, 627t-628t, 628, 668t 
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Sanfilippo’s disease, 535t-536t, 536 
Sanger sequencing, 827 
Saposin C deficiency, 529 
Sarcoma 
myeloid, 374 
non-Hodgkin lymphoma vs., 493t 
SARS-CoV-2, anemia related to, 320t, 320-321 
Schamberg's purpura, 598 
Scheie’s syndrome, $34, 535t, 536 
Schilling test, 179 
Schistocyte, 87f, 96-97, 101t, 318f 
Schénlein-Henoch purpura, 597, 597f 
Schliffner's dots, 299, 300f 
Scintigraphy, in multiple myeloma, $12 
Scurvy, 597-598 
Sea-blue histiocyte, 397, 397f 
Sea-blue histiocyte syndrome, 537-538 
Serotonin release assay, in heparin-induced 
thrombocytopenia, 672 
Serous body fluids, See Pericardial fluid; Peritoneal fluid; 
Pleural fluid 
Serpins (serine protease inhibitors), 657, 657t 
Serum-ascites albumin gradient, 703 
Serum protein electrophoresis (SPEP), 502 
Sézary syndrome, 466t, 467f, 471-472, 472f, 491, 
492f 
“Shift to the left,” of hemoglobin-oxygen dissociation 
curve, 52 
“Shift to the right,” of hemoglobin-oxygen dissociation 
curve, 52 
Shifts, in quality control, 116, 122, 123f 
Sickle cell 
description of, 87f, 95, 101t, 225-226, 226f 
irreversible, 95-96, 95f-96f 
reversible, 95f, 96 
Sickle cell anemia, 225-230, 236t, 238t 
acute chest syndrome in, 228 
aplastic crisis in, 227, 231 
asthenic physique in, 227, 227f 
autosplenectomy in, 229 
case studies of, 106-107 
clinical findings of, 227f-229f, 227-230, 229 
Cutaneous manifestations of, 228, 228f 
dactylitis in, 228 
definition of, 225-226, 226f 
hand-foot syndrome in, 228, 229f 
hemolytic crisis in, 227 
historical perspective on, 225 
incidence of, 2371 
infection in, 228-230, 22% 
nephropathy in, 230 
pathophysiology of, 226, 226f, 226t-2271, 227f 
peripheral blood smear in, 226, 227f, 230f, 230-231 
pyelonephritis in, 229 
screening for, 231-232, 231£-292f, 2321 
stroke in, 230 
c-thalassemia with, 256 
treatment of, 232-234, 233-2341 
vasculopathy in, 228, 228-220 
vaso-occlusive crisis in, 227 
Sickle cell trait, 230f, 230-231, 2371 
Sickle solubility west, 729-731 
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Sickledex, 729, 731 
Sideroblast, 137, 437 
definition of, 3) 
Tinged, 51, Sif, 137, 1378, 1S8f, 158-159, 4366, 
437 
Sideroblastic anemia, 157~159 
done marrow examination in, 159, 15% 
etiology of, 157, 157 
laboratory findings in, 1S8f, 158t-159t, 159 
pathophysiology of, 157-158, 1S8f 
peripheral blood smear in, 90, ISSf, 158-159, 
15% 
treatment of, 159 
Siderocyte, 51, SIf 
Siderophage, cerebrospinal fluid, 708, 708f 
Siemens ADVIA 1202120 Hematology System, 
745-749, 746f 
flagging system for, 749, 749 
leukocyte analysis with, 747-748 
platelet analysis with, 747, 747f 
ted blood cell analysis with, 746-747, 747f-748f 
Teticulocyte analysis with, 747f, 748 
Uniftuidics Block of, 745, 746f 
white blood cell analysis with, 747f 
Silent carriers, 252 
Sinuses, 62, 62f 
Six Sigma, 112 
Skin 
biopsy of, in disseminated intravascular coagulation, 
646, 646f 
eochymoses of, in disseminated intravascular 
coagulation, 644f 
mycosis fungoides of, 471, 472f 
‘T-cell lymphoma of, 491, 492f 
ulcers of, in sickle cell anemia, 228, 228f 
warfarin-induced necrosis of 
description of, 598 
protein C deficiency and, 662 
Skull 
hair-on-end appearance of, 250, 251f 
radiography of, in multiple myeloma, 511, 511f 
Small cleaved-cell lymphoma, 466t, 467f, 470, 470f 
Small lymphocytic lymphoma (SLL), 459t, 468, 
485t—486t, 488-489. See also Chronic 
lymphocytic leukemia (CLL) 
lymph node in, 468f, 488f 
peripheral blood smear in, 467f 
Smoldering myeloma, 504 
Smudge cells, 456, 456f 
Snake bite, hemolysis with, 304 
Soft tissue, plasmacytoma of, 516 
Soluble factors, flow cytometry study of, 815 
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cast Asian ovalocytosis, 200-201, 201f, 201t 
fic esterase (naphtho!-AS-D chloroacetate), in acute 
leukemia, 360f, 3601, 360-361 


red cell indices in, 198 
spectrin mutations as cause of, 48 
treatment of, 199 
Sphingomyclin, 48 
Sphingomyelinase deficiency, 531f, 531-S33, 532t 
Spicules, 48 
Spider bite, hemolysis with, 304 
Spinal fluid. See Cerebrospinal fluid (CSF) 
Spleen, marginal zone B-cell lymphoma of, 487, 488f 
Splenectomy 
in hereditary spherocytosis, 199 
in idiopathic thrombocytopenic purpura, 579 
in primary myelofibrosis, 423 
in thrombotic thrombocytopenic purpura, 584 
in warm autoimmune hemolytic anemia, 291 
Splenomegaly 
in Gaucher's disease, 530 
in polycythemia vera, 411 
Spontaneous bacterial peritonitis, 704 
Sprue, tropical, 177 
Spur cell (acanthocyte), 87f, 97-98, 98f-99f, LO1t, 305, 
305f 
Spur-cell anemia, 305, 305f 
Staclot LA, 628t 
Stain(s) 
acid elution, 257 
hemoglobin F acid, 257, 731, 734f 
Kleihauer-Betke, 257, 731, 734f 
naphthol-AS-D chloroacetate esterase, 360f, 360, 
360-361 
a-Naphthyl acetate, 360t, 361, 361f 
a-Naphthyl butyrate, 360t, 361, 361f 
periodic acid-Schiff, 360t, 361, 361f 
Sudan black B, 360, 360t, 360f 
supravital, 257 
tartrate-resistant acid phosphatase 
in hairy-cell leukemia, 470, 470f 
in neoplastic cells, 70f 
terminal deoxynucleotidyl transferase, 363, 363f 
Wright, 5, 257, 724-726, 725f 
Staining Index (SI), 810 
Standard deviation, 118, 118f 
Standard deviation index, 124 
Staphylococcus spp., in body fluid, 698f 
Statistical process control, 116 
Stem cell(s) 
committed, 63 
description of, 63 
pluripotential, 63 
transplantation of, in acute lymphoblastic leukemia, 
385 
Stem cell factor, 36t 
Stoke’s shift, 807 
Stomatin deficiency, 203 
Stomatocyte, 87f, 93f, 93-94, 101t 
Stomatocytosis, hereditary, 93-94, 203-204, 203f 
Storage pool deficiencies, 595 
Streptokinase, 640, 640t, 680 
Stroke 
aspirin prevention of, 679 
in sickle cell anemia, 230 
Stromal cells, 64f, 64-65 
Stuart-Prower factor. See Factor X 
Stypven time, 612, 613t 
Subarachnoid hemorrhage, 705 
Subarachnoid space, 690 
Succinyl coenzyme A, 173f 
Sucrose hemolysis test 
in anemia, 139t 
in paroxysmal nocturnal hemoglobinuria, 276, 276 
Sudan black B stain, in acute leukemia, 360, 3601, 
360f 
Sugar water test, in paroxysmal nocturnal 
hemoglobinuria, 276, 276f 
Sulfhemoglobin, 53 
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Synovial cells, 691, 694-695, 71] 
Synovial fluid, 691, 700t, 710-714 
artifacts in, 714 
automated analysis of, 754 
biochemical analysis of, 7) 0t 
blood in, 710t, 712 
caleium pyrophosphate dih 
case study of, 716 urate etywale of 713 
cells of, 710t, 711 
cholesterol crystals of, 7)3 
collection of, 710 
color of, 710t, 711-712 
crystal examination of, 710t, 712-714 
diagnostic characteristics of, 710: 
eosinophils in, 711 
glucose of, 710t 
lipid crystals of, 714 
microscopic examination of, 71 0t, 7]1 
monosodium urate crystals of, 713 
neutrophils in, 711 
normal, 710, 710t 
oxalate crystals of, 713 
protein in, 710t 
qualitative analysis of, 711-712 
quantitative analysis of, 711 
Sysmex XN and XN-L Series analysis of, 754 
tissue cells in, 694-695 
viscosity of, 710 
white blood cells in, 7101, 711 
Synovium, 691 
Sysmex XN and XN-L Series, 749-754 
body fluid analysis with, 754 
flagging system for, 752, 753t 
hematocrit analysis with, 751 
hemoglobin analysis with, 750-751 
immature granulocyte analysis with, 752, 752f 
platelet analysis with, 750-751, 751f 
red blood cell analysis with, 750-751, 751f 
red cell distribution width analysis with, 751, 7S1f 
reticulocyte analysis with, 752, 752f 
specifications for, 750 
white blood cell anal with, 751-752, 752f 
Systemic lupus erythematosus. See also Antiphospholipid 
syndrome(s); Lupus anticoagulants 
diagnosis of, 794 
thrombocytopenia in, 552 
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T cell(s). See also Lymphocyte(s) 
cytotoxic, 268 
development of, 377, 377f, 457, 460f, 484f 
flow cytometry of, 815 
regulatory, 268 
T-cell acute lymphoblastic leukernia, 381 
T-cell lymphoma, 489-492. See also specific T-cell 
lymphomas 
anaplastic, 490, 491f 
cutaneous, 491, 492f 
peripheral, unspecified, 489-490, 490f 
T-gamma lymphocytosis with large granular 
lymphoeytes, 4661, 468f, 472 
T-large granular lymphocytes (T-LGL), 278 
Tandem dyes, 805 
Target cells 
in anemia of liver disease, 315, 315f 
description of, 87f, 91-92, 92f, 1011 
in hemoglobin C disease, 2351 
Tartrate-resistant acid phosphatase slain 
in hairy-cell leukemia, 470, 470f 
in neoplastic cells, 70f 
Tay-Sachs disease, $33b, 533f, 533 $34 
TCF3-PBX1, 380 
Teardrop erythrocyte, 871, 98, 99f, 101! 
Tenase complex, 559, Sé4f, 612 
Terminal deoxynucteotidy! transierase 
leukemia, 363, 3631 
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time (TAT), 121 
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gothyronine, 317 

af ia, 89-90, 246-265 

t = 2498 252-254 


clinical manifestations of, 253-254, 253f-254f 
is of, 257-260 
ics of, 247-248, 252, 254f, 255t 
pathophysiology of, 248 
-ention of, 261 
with sickle cell anemia, 256 
treatment of, 253, 260-261 
world distribution of, 247, 248f 
Thalassemia minor, 253, 2551 
p. 136. 2491, 249-252 
clinical manifestations of, 249-250, 251f 
diagnosis of, 257-260 
of, 247-249 
hemoglobin A2 quantitation in, 259 
with hemoglobin C, 256 
with hemoglobin E, 256-257 
with hemoglobin S, 256 
pathophystology of, 248 
prevention of, 261 
treatment of, 260-261 
world distribution of, 247, 248f 
B-Thalassemia intermedia, 250-25] 
8-Thalassemia minor, 251f, 251-252 
classification of, 256 
AB-Thalassemia, 255-256 
diagnosis of, 257-260 
acid elution stain m, 257 
automated blood cell analyzer, 257 
differential, 2601 
electrophoresis in, 258, 2581 


hemoglobin quantitation in, 
high-performance liquid chn 
258-259 
osmotic fragility test m, 258 
peripheral blood smear in, 257-258 
red cell indices in, 257 
supravital stains in, 257 
treatment of, 260-261 
world distribution of, 247, 248f 
___ heterozygous, 257 
_ Therapy-related myelodysplastic syndromes, 
446 


Therapy-related myeloid neoplasms, 369-370 
700, 700t 
{ecanthocyte), 87f, 97-98, 98f-99F, 1011, 
305, 305f 
554, 563f, 639f, 6431 

of, 561 


pathogenesis of, 414-415 

peripheral blood smear in, 415f, 415-416 

treatment of, 417-418 

WHO criteria for, 414, 414t 
Thrombocytopenia, 575-586 

abnormal platelet distribution and, 576t, $77 

classification of, 5761 

congenital, 576-377, 577t 


deficient platelet production and, 575-577, 576t 


definition of, 575 
drug-induced, S801, 580-581 
drug-related, 581-582, 59St, 595-596 
gestational, 585 
heparin-induced, 581-582, 670-672, 675t 
clinical manifestations of, 670 
laboratory diagnosis of, 671-672 
mechanism of, 671, 671f 
treatment of, 672 
immune-mediated 
drug-induced, 295-297, 580t, 580-581 
heparin-induced, 581-582 
primary, 5761, 578f 
secondary, 576t, 582 


increased platelet destruction and, 576t, 577-586 


neonatal, isoimmune, 580 
in paraproteinemias, 593 
in pregnancy, 585 
vaccine-related, 582-583 


Thrombocytopenia with absent radii (TAR) syndrome, 


576, 577t 
Thrombocytopenic purpura 
idiopathic, 577-579 
adult, 577, 578f 
childhood, 577 
clinical findings in, 577-578 
treatment of, 578-579 
thrombotic, 583£, 583-585 
clinical findings of, 584 
hemolytic uremic syndrome vs,, 585, 585t 
Jaboratory evaluation of, 584 
peripheral blood smear, 302f, 303 
primary fibrinolysis vs., 649 
treatment of, 584-585 
Thrombocytosis, 586 
definition of, 586 
in polyeythemia vera, 412, 594 
primary, 586 
reactive 
description of, 586 
essential thrombocytopenia vs., 416, 416t 
Thromboelastography (TEG), 776-777 
Thrombolytic therapy, 680 
Thrombomodulin, 641, 656, 658, 658f 
Thrombophilia, inherited, 660-666, 6741, See also 
Thrombosis 
Thrombopoiesis, ineffective 
description of, 576 
in megaloblastic anemia, 169 
Thrombopoietin 
in platelet production, 575 
in primary myelofibrosis, 419 
recombinant, 586 
Thrombosis 
activated protein C resistance and, 660-662 


in antiphospholipid antibody syndromes, 666-670 


antithrombin deficiency and, 663 

cancer and, 673 

D-Dimer assay in, 675 

diagnosis of, 673-676, 674t 

disseminated. See Disseminated intravascular 
coagulation (DIC) 

drug-related, 673 

dysfibrinogenemia and, 666 

in essential thromboeytopenia, 415 

factor VIII excess and, 666 

factor XI excess and, 622 

factor XII deficiency and, 665 
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formation of, 797 
heparin-induced, $81~582, 670-672, 671f 
hereditary, risk assessments, 788-789 
hyperhomocysteinemia and, 665, 676 
incidence of, 655 
laboratory evaluation in, 673-676, 674t 
lipoprotein a and, 666, 675t 
myecloproliferative disorders and. 673 
nephrotic syndrome and, 673 
oral contraceptives and, 673 
in paroxysmal nocturnal hemoglobinuria, 276 
pathogenesis of, 655 
patient history in, 674-675 
physical examination in, 674-675 
pregnancy and, 673 
protein C deficiency and, 662 
protein S deficiency and, 662 
prothrombin G20210A mutation and, 664 
risk assessment for, 674t 
tissue factor pathway inhibitor deficiency and, 665 
treatment of 
anticoagulants in, 676-680 
antiplatelet agents in, 679-680 
thrombolytic therapy in, 680 
Thrombotic thrombocytopenic purpura (ITP) 
clinical findings of, 584 
hemolytic uremic syndrome ys., 585, 585t 
laboratory evaluation of, 534 
peripheral blood smear, 302f, 303 
primary fibrinolysis vs., 649 
treatment of, 584-585 
Thromboxane A,, 545, 55 
Thymidine triphosphate, 169, 169f 
Thymocytes, 377, 377f 
Thymoma, red cell aplasia with, 273 
Thyroid disease, 317 
Thyroid hormones, 317 
Tirofiban, 580 
platelet dysfunction witb, 596 
Tissue factor 
in disseminated intravascular coagulation, 643 
hemostatic functions of, 546t, 562 
Tissue factor pathway inhibitor 
deficiency of, 665 
description of, 545, 546t, 657, 659, 659f 
Tissue plasminogen activator (t-PA), 546t, 656 
Total iron-binding capacity 
description of, 148, 148t, 260t 
in iron-deficiency anemia, 152 
Total Quality Management. See Quality assurance, 
Quality management 
Toxie granulation, 104 
Transcobalamin, 172, 172f 
Transcription, 820 
Transferrin, 145, 146t 
reference range for, 148t 
saturation of, 148, 148t 
total iron-binding capacity of, 148, 148t 
in iron-deficiency anemia, 152 
Transferrin receptor, 146 
serum, 148-149 
in iron-deficiency anemia, 152 
Transfusion therapy. See Blood transfusion 
Transient abnormal myelopoiesis (TAM), 374-375 
Translation, 820 
Transudate, 6951, 695-696 
Trend, in quality control, 116, 122, 123f 
Trephine biopsy, 70, 70f 
Tritodothyronine, 317 
Trinitrotoluene, aplastic anemia with, 268 
Triosephosphate isomerase deficiency, 2171 
Tube solubility test, in sickle cell anemia, 231, 2321, 232f 
Tumor, See Cancer, Malignant cells; specific 
hematopoietic malignancies 
Tumor necrosis factor-a 
in disseminated intravascular coagulation, 644 
in hematopoietic blood cell development, 37t 
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Tumor necrosis factor-related activation-induced 
cytokine (TRANCE), 507 
Tyrosine kinase inhibitors (TKIs), 400 


U 
Ulcers, cutaneous, in sickle cell anemia, 228, 228f 
Unifluidics Block, 745, 746f 
Universal precautions, 721 
Uremia, platelet dysfunction in, 592-593 
Urine 
blood in, 286 
hemoglobin in. See Hemoglobinuria 
hemosiderin in, 286f 
methylmalonic acid in, 180 
Urobilinogen, 55 
Urokinase 
endogenous, 640, 6401, 642f 
exogenous, 680 
Uroperphyrinogen decarboxylase deficiency, 160t 
Uroporphynnogen III cosynthetase deficiency, 160t 


V 
Vaccine-related thrombocytopenia, 582-583 
Vasculopathy, in sickle cell anemia, 228, 228f-229f 
Venipuncture, 722, 722f 
‘Venom 

factor X activation by, 644 

hemolysis with, 304 
Venous thromboembolism (VTE), 678 
Ventriculoperitoneal shunt, peritoneal fluid examination 

for, 704 

Viral infection. See also specific viral infection 


deficiency of, See also Megaloblastic anemia 
blind loop syndrome and, 175 
case study of, 185 
clinical manifestations of, 174, 175t 
diagnosis of, 178-180, 179t, 180f 
dietary, 173 
drug-induced, 175 
etiology of, 173-174 
fish tapeworm and, 175 
gastrectomy and, 175 


sources of, 171 
structure of, 172, 172f 
transport of, 172f, 172-173 
Vitamin C deficiency, 397-598 
Vitamin K-dependent coagulation factors, 782 
Volume seatterplot, 755 
von Willebrand disease 
acquired, 620 
classification of, 591, 618t, 618-620 
description of, 551, 590-591, 6071, 6181, 618-620 
gene for, 617 
laboratory evaluation of, 591-592, 614-615, 615f 
molecular analysis in, 788 
platelet-type/pseudo-, 618t, 620 
pseudo-, 786t 
tests for, 784-789 
treatment of, 592 
type 1, 591, 6181, 618-619, 786t 
type 2, 591, 6181, 619, 786t 
type 3, 591, 6181, 619-620, 786t 
von Willebrand factor 
antibodies to, 625 
collagen binding activity, 786-787 
deficiency of. See von Willebrand disease 
definition of, 784 
description of, 545, 546t, 560, 564t, 590-591, 591f, 
613t 
factor VIII coupling to, 656 
immunoelectrophoresis of, 615f 
measurement of, 614, 615f 
multimer analysis, 787-788, 788f 
multimeric structure of, 590, 591f, 615, 616f 
ristocetin cofactor assay, 614, 786, 787 
ristocetin-induced platelet agglutination assay for, 614 
von Willebrand factor antigen, 784, 787 


W 


Waldenstrém’s macroglobulinemia 
bone marrow examination in, 517, 517f 
case study of, 520-521 
electrophoresis in, 502f 
hyperviscosity associated with, 501 
lymphoplasmacytic lymphoma and, 489 
purpura in, 517f, 598 
Warfarin 
cutaneous necrosis with, 598 
protein C deficiency and, 662 
monitoring tests for, 782 
prothrombin time for, 782 
in thrombosis, 678 
Warm autoimmune hemolytic anemia, 289-291, 290t, 
2951, 298t, 306 
Washington monument crystals, 100-101, 101f 
Waterhouse-Friderichsen syndrome, 597 
Weed killers, aplastic anemia with, 268 
Weibel-Palade bodies, 613, 656 
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Westergren erythrocyte sedimentation rate, 736 
Westgard rules, 122-123 
White blood cell(s). See also specific leukocyte 
automated analysis of ’ 
Beckman Coulter LH Series for, 742-743, 7436 
7441 i 


Siemens ADVIA 120/2120 Hematology System for, 


TATE, 747-748 
Sysmex XN and XN-L Series for, 751-752, 
752f 
blue-green crystals in, 104, 104f 
count of. See White blood cell count 
cytoplasmic inclusions in, 104 
Déhle bodies, 103-104, 331, 331f, 338, 338f 
flow cytometry of, 815 
left shift of, 103 
morphology of, 3-7, 3f-7f, 103, 103 
morulae in, 104, 104f 
percentage of, 3t 
reference values for, 3t 
toxic granulation, 104 
vacuolization of, 104 
White blood cell anomalies, 337t 
White blood cell count 
description of, 85, 85t, 85f, 726 
pericardial fluid, 702 
peritoneal fluid, 704 
pleural fluid, 702 
residual, 815 
synovial fluid, 710t, 711, 744t 
White blood cell count differential 
automated 
Beckman Coulter LH Series for, 742-743, 743f, 
T44t 
Siemens ADVIA 120/2120 Hematology System for, 
747-148 
Sysmex XN and XN-L Series for, 750t, 751-752, 
752£, 753t 
bone marrow, 75, 76t 
description of, 726 
Wiskott-Aldrich syndrome, 577t 
Wright stain, 5, 257, 724-726, 725f 


Xx 


Xanthochromia 
cerebrospinal fluid, 705 
synovial fluid, 711 

Xerocytosis, 93 
hereditary, 202-204, 2031 


z 


Z-score, 124 

ZAP-70, in chronic lymphocytic leukemia, 463, 463f 
Zinc protoporphyrin, 149, 151 

Zoledronate, in multiple myeloma, 516 


ologic Values* 


Hemat 


Conventional 


Hematology 


“complete” blood count 
(CBC): Automated 
Methodology 
Te er ae a sot et Ee Silay 45-11.0  10°7/. 5 
RBC Male: 4.7-6.1 X 108/iL 47-61X10/L 
Female: 4.2-5.4 x 10%/pL 4.2-5.4 X 10"/L 
Hemoglobin (Hgb) Male: 13.5-17.5 g/dL 135-175 g/L Direct measurement 
Female: 12-16 g/dL 120-160 g/L 
5 < Infant: 14-22 g/dL 140-220 g/L 
Hematocrit (Hct) Male: 42%-52% 0.42-0.52 L/L Calculation: 
Si stm __ Female: 37%-47% 0.37-0.47 L/L RBC X MCV/10 
Mean corpuscular volume (MCV) 80-100 fL 80-100 fL Derived from RBC histogram: 


Measured volume of 1 RBC 
Calculation: Hct/RBC X 10 


Mean corpuscular hemoglobin 27-34 po ees 27-34 pg/cell Calculation: Hgb/RBC x 10 
(MCH) 
Mean corpuscular hemoglobin 5 32%- 36% 7 = 320-360: g/L Calculation: Hgb/Hct X 100 
concentration (MCHC) 320-360 g/L 
Red cell distribution width (ROW - 11.5%-145 = : me Derived from RBC histogram: 
Platelets (PLT) ee 150,000 - 450,000/u. : 150-450 X 10°/L ; 
Mean platelet volume (MPV) 2 7A-104 fl. img 7.4-10.4 fL ure : Derived from PLT histogram 
— é bees ee 

} Lymphocytes 20% 44% mes SP ee re 


2%-9% 


1.2-4.8 X 10/pL 12-48 x 10°/L Lymphs %/100 < WBC 
0.2-0.8 X 10°/iL 0.2-0.8 X 10°/L Mono %/100 * WBC 
1.5-7.7 * 10°/pL 1.5-7.7 X 107 Neutrophils 9/100 = WBC 
0-0.7 X 10°/pL 0-0,7 X 10°/L Bands %/100 X WBC 


0-0.5 X 10°/pL 0-0.5 X 10°7/L Eos %/100 x WBC 


0-0.2 X 10°/uL 0-0.2 X 10°/L Baso %/100 X WBC 


m ary by institution, patient population, and testing methodology. 


Continued 


ey 
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> 


Hematologic Values*—cont'd 


Conventional 5I bade 


Reticulocyte hemoglobin 
(Ret-He) 


27-33 pg/cell 


Reticulocyte count Newborn: 2.5%-6.0% 
Adult: 0.5%-2.5% i aes 
Absolute reticulocyte 24,000-84,000/pL 24-84X107L 


Cal 


= ¢ 


culation: dRetic x RBC. 


Erythrocyte sedimentation rate 
(ESR) 


Male: 0-22 mm/hr 
Female: 0-29 mm/hr 


Westergren method 


RBC Enzymes 
G6PD 


8.0-16.5 U/g Hgb 


516-1064U/mmol Hgb 


Pyruvate kinase 


5.0-11.5 U/g Hgb 


322-742U/mmol Hgb 


Iron Studies 


Serum iron 


Adult male: 65-170 pg/dL 
Adult female: 50-170 g/dL 


11.63-30.43 pmol/L 
8.95-30.43 pmol/L 


TIBC 


250-450 pg/dL 


44,75-80.55 wmol/L 


Transferrin saturation 


Male: 20%-50% 
Female: 15%-50% 


Serum sTER (soluble transferrin 1.5-2.75 mg/L 17.6-32.4 nmol/L 
receptor) 
Serum transferrin Adult 200-360 mg/dL 2.0-3.6 g/L 
Adult >60 yrs: 160-340 mg/dL 1.6-3.4 g/L Sia 
Ferritin (serum) Adult male 20-250 ng/mL 20-250 pg/L 
Adult female 10-120 ng/mL 10-120 pg/L 


Zinc protoporphyrin (free 


16-65 g/dL 


0.28 ymol/L-1.17 pmol/L 


S| = System of International Units; G6PD = glucose-6-phosphate dehydrogenase deficiency; TIBC = total iron-binding capacity 
*Please note: Normal values vary by institution, 


‘ 


patient population, and testing methodology. 


erythrocyte protoporphyrin) | 

Folic Add 

Normal 2.6-12.2 pg/L 5.9-27.6 nmol/L 

Red cell folate 150-450 ug/L 340-1020 nmol/L ae eal 
30-200 mg/dL 0,3-2.0 g/L 3 apy —— 


— 


Hematologic Values 


Hemoglobin (Hgb) Studies 
Electrophoresis 
eas hemoglobin 95%-97% 
A, hemoglobin 2%- 3% 
Fetal hemoglobin 1%-2% 


Hemoglobin, met— 
Cytochrome b5 reductase 
(CYB5R) or methemoglobin 
reductase 


<2.0% of total Hgb 
7.8-13.1 U/g Hgb 


Hemoglobin, sulf- 


0.0%-1.0% of total Hgb 


Carboxy hemoglobin 0.0%-1.4% of total Hgb 

Plasma hemoglobin 0.0-9.7 mg/dL 0,0-0.097 g/L 
Other Red Cell Studies 

Vitamin B.,, 


Normal (serum) 


180-914 pg/mL 150-616 pmol/L 


Borderline 


140-204 pg/mL 102.6-149 pmol/L 


Serum Erythropoietin 


4-27 mU/mL 4-27 IU/L 


Leukocyte alkaline phosphatase 
(LAP) 


Male 22-124 
Female 33-149 


Score 


| Serum Acid phosphatase 


0.0-4.3 U/L 0.0-.073 pkat/L 


| Coagulation 
| Platelet function tests 


Platelet aggregation 


Full response to ADP, collagen, 
epinephrine, thrombin, and 
ristocetin 


| PFA100 
(closure time) 


Collagen/epinephrine <175 sec. 


igulation Factors 


stage quantitative assay for 
Ai, V, VII, and X 


quantitative assay for 
Mt, 1X, Xt, XI} 


(fit ino gen) 


inctional) 


50%-150% of normal mean 


50%-150% of normal mean 
50-150 1U/dL 


180-400 mg/dL 1,.8-4.0 g/L 


70-130% of normal mean 


50%-200% of normal mean 


0,0-0.5 Bethesda units 


Continued 


Hematologic Values—cont'd 


Von Willebrand factor (VWF) 


50-200% of normal mean 


activity 
VWF anigen 50-200 IU/dL : ree 
Prothrombin time (PT) 11-13.5 sec 
(INR of 0.8-1.1) 5 
Activated partial thromboplas- 21-35 sec 
tin time (APTT) = 
Fibrinolytic Studies 
o-Dimer test 0.0-0.4 g/mL 0.0-400 ng/mL = 
Thrombin time 12-19 sec 
Reptilase time 15-19 sec 
plasminogen 80-120% of normal mean 
150-250 ng/L 
a2-antiplasmin 80-120% of normal mean 
0.8-1.2 1U/mL 


Antithrombin 


80-120% of normal mean 


Protein C 


70-150% of normal mean 
Adult: 64-128 IU/dL 


Activated Protein C Resistance APC ratio >2.1 
(APCR) 
| Protein S 70-150% of normal mean 
Adult; 60-113 IU/dL 
Body Fluids 
Spinal fluid (CSF) Colorless 
2 Adults 0-5 mononuclear cells/uL Hemacytometer 
q 0 RBCs/pL 
Neonates 0-30 mononuclear cells/yL 
0 RBCs/pL 
Differential 
Adults Lymphs 28%-96% Wright stain 
Mono 16%-56% Cytospin 
Segs 0%-5% 


Histiocytes rare 


Ependymal cells rare 


Eosinophils rare 


Hematologic Values—cont'd 


Reference Range 
SI 


Conventional 
Lymphs 2%-38% 


Neonates 


Mono 50%-94% 


Segs 0%-5% 
Histiocytes 1%-6% 


Ependymal cells rare 


Eosinophils rare 


Pale yellow to colorless 


Synovial fluid 


Crystals (none) 


No clot formation 


200-600 WBCs/iL 


Hemacytometer 


0 RBCs/uL 


Few synovial cells 
PMN 0%-25% 
Mononuclear cells 0%-75% 


Wright stain 


Differential 
Cytospin method 


Yellow 
<1000 WBCs/pL Hemacytometer 


i Pleural/peritoneal fluid 


0 RBCs/pL 

PMN 8 25% 
Mononuclear cells 0%-75% 
e: 1.5-5.0 mL 


Differential 


Total volum 
Hemacytometer 


s Total count: 20-160 mil/mL 


INR = international normalized ratio; 


j= System of international Units; 


